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ABSTRACT 
Ion Transport in Semicrystalline Solid Polymer Electrolytes 
Shan Cheng 
Advisor: Christopher Y. Li, Ph.D.  
 
Solid polymer electrolytes (SPEs) with both high room temperature ionic 
conductivity and mechanical integrity are highly desirable for all-solid-state lithium 
batteries. Linear polyethylene oxide (PEO) represents the simplest yet most attractive 
solvating polymer due to its capability to form complex with a selected number of alkali 
metal salt, especially lithium salt. The ether oxygen on PEO backbone coordinates with 
Li+ and the transport of the latter is facilitated through segmental motion of the polymer 
chain. However, the highly crystalline nature due to stereoregularity and flexibility of the 
polymer chain complicate the ion transport mechanism. PEO crystallization has been 
long considered to be detrimental to ion transport as it results in a decrease of the 
effective fraction of amorphous conducting phase, slower polymer chain dynamics and 
more tortuous pathways for ion transport. However, a quantitative analysis of 
crystallization effect on the ionic conductivity is challenging since these factors are 
always coupled. 
In this dissertation, we demonstrated that the two factors, namely tethered 
chain/dynamic and tortuosity/structural effects can be decoupled by preparing polymer 
membranes with controlled crystal orientation and measuring the in-plane and through-
plane conductivity of the orientated membrane. Moderate conductivity anisotropy as a 
result of PEO lamellar orientation was first observed in a solution cast PEO SPE. We 
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further used graphene oxide to enhance the crystal orientation, hence the conductivity 
anisotropy.  
To quantitatively characterize the crystallization effect, a model electrolyte 
system consists of PEO single crystals with well controlled crystal structure, size, 
crystallinity and orientation were fabricated. Ion conduction was confined within the 
chain fold region, and guided by the crystalline lamellae. We demonstrated that at low 
ion content, the in-plane conductivity was 1000-2000 times greater than through-plane 
one due to the tortuosity effect, which was described using Nielsen’s permeability model. 
Contradictory to the general view, the dynamic effect was negligible at moderate ion 
contents and the overall conductivity was mainly controlled by crystal orientation, strong 
Li−PEO interaction and Li+ aggregation. Our results demonstrated that semicrystalline 
polymer can be viewed as a two phase model which morphologically mimicking the 
popular systems such as block copolymers and polyolefin porous membranes. By 
controlling crystallization behavior, mechanically robust semi-crystalline SPE with high 
room temperature conductivity is feasible.  
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CHAPTER 1:  INTRODUCTION 
1.1   Background/ Motivations 
Modern development of batteries has been greatly accelerated by the demand 
from multiple factors/industries. One big drive is from the practical requirement in the 
exponential growing electronics industry (e.g., personal computers, portable electronics, 
and telecommunications, etc.), in which compact and light-weight power source is a 
necessity for performance. In addition, the rapid consumption of finite fossil fuel (one of 
the biggest consumptions is from the internal combustion engine vehicles) and concerns 
on carbon dioxide emissions lead to a global desire for more sustainable and efficient 
energy sources. Adaptation of (hybrid) electric vehicles has been greatly advocated and it 
is another motivation of developing safe and high performance batteries. 
 
  
Figure 1.1 Comparison of volumetric and gravimetric energy density of different battery 
technologies, plot reproduced from ref. 1 
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Lithium batteries stand out among all battery technologies simply because of the 
fact that lithium is the lightest metal (density of 0.534 g/cm3) and exhibits the highest 
oxidation potential (-3.04 V relative to standard H electrode), which results in high 
volumetric and gravimetric energy density as shown in Figure 1.1. A typical battery 
consists of an anode and a cathode that are separated by an ionic conductive electrolyte 
material (Figure 1.2). The charge and discharge process of the battery involves electron 
flow through an external circuit and the lithium ion migration between anode and cathode 
through an electrolyte media. The overall performance of the battery strongly depends on 
the structure and chemistry of the system. While cathode and anode materials determine 
the cell potential and the capacity of the batteries, appropriate electrolytes are crucial to 
the current density, cyclability and more importantly, safety of the batteries. 
 
 
Figure 1.2 Schematics of a rechargeable Li-ion battery. 
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Li metal is the most promising candidate as anode material to yield a high energy 
density of the battery, particularly if appropriate cathode material is chosen to increase 
the cell voltage to 4 volts or more. However, the major issue for lithium-metal system is 
the Li dendrite formation at the anode surface after several charge-discharge cycles, 
which leads to serious safety hazard1-2. One approach to mitigate this problem is to 
replace the liquid electrolyte with a mechanically strong dry polymer electrolyte, 
although it is at the expense of ionic conductivity decrease, which limits the Li-
metal/polymer battery from practical applications1, 3 .  
The development of so-called “rocking chair” or Li-ion technology is another 
solution to address the safety issue of the Li-metal battery1, 3-6. In this case, Li dendrite 
growth can be circumvented by substituting the negative Li metal electrode with an 
intercalated compound. In order to achieve the same level of potential difference as in the 
Li-metal system, new cathode materials with higher oxidation potential are required in 
order to compensate the increasing potential of the negative inserted compound electrode 
as illustrated in Figure 1.3. The upper shift of the operating voltage may cause 
decomposition of the current liquid electrolyte and therefore an electrolyte with a wider 
electrochemical window is recommended.  
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Figure 1.3 Potential versus capacity for a series of positive and negative electrode candidates for 
rechargeable Li batteries, reproduced from ref. 1. 
 
In both Li-metal and Li-ion systems, replacing the volatile, flammable liquid 
organic electrolyte with solid polymer electrolytes (SPEs) having adequate ionic 
conductivity, high cation mobility, sufficient mechanical properties and wide 
electrochemical window is critical to addressing the safety concerns without sacrificing 
the life cycle and power density of the batteries. PEO with a glass transition temperature 
well below zero (around -60°C) has been demonstrated as a strong candidate as a solid 
polymer electrolyte due to its high dielectric constant and strong lithium ion solvating 
ability7-11. The ion conduction mechanism is considered as the ion hopping along the 
polymer chain assisted by the ether oxygen and in most of the cases it takes place in the 
amorphous region along with the long range segmental motion of the polymer chain. 
However, linear PEO homopolymer tends to crystallize with 60-70% crystallinity due to 
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the regularity of the backbone and the ionic conductivity of the SPEs at room temperature 
is far below the required value (>10-4 S/cm) in battery applications.  
The general rule of SPE design is to suppress PEO crystallinity in order to 
maximize the mobile phase for ion conduction. Such strategies include grafting short 
PEO oligomers onto polymer backbones, or cross linking PEO-based polymers12-14. 
However, increasing the amorphous PEO fraction would inevitably compromise 
mechanical strength of the SPE. This problem can be mitigated by decoupling ion 
conduction and mechanical properties in the materials design. Early attempts had been 
made by blending high molecular weight PEO with polymers having a high glass 
transition temperature, such as polystyrene15, poly(methyl methacrylates) 16-19, 
polyacryloamides20-21 and so on. Although the introduction of these rigid phases 
improved the mechanical performances of the electrolyte, the morphologies of these 
blend systems were very difficult to control and the continuity of ion conducting 
pathways were strongly affected by the materials preparation techniques15.  
In contrary, PEO based block-copolymer (BCP) electrolytes appear to be more 
advantageous over blends system in terms of morphology control22-46. The hard non-
conducting segment and flexible conducting segment are covalently bonded and phase 
separated into nanoscale domains. The structure can be readily tuned from cylinder, 
gyroid or lamellae by varying the molecular weight of each block. Extensive efforts have 
been made to understand the salt doping effect on the phase behavior of the BCPs and its 
impact on the ionic conductivity and mechanical properties of the SPEs. Although 
significant improvements have been achieved on the thermal, mechanical and 
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electrochemical stability, most of the current BCP SPEs suffer from low room 
temperature ionic conductivities.  
Another solution to enhance both conductivity and mechanical property is based 
on PEO-ceramic nanocomposites. Ceramic nanoparticles such as TiO2, SiO2 and Al2O3 
with large surface area and Lewis acid characteristic have been demonstrated to retard 
PEO recrystallization, create specific conducting pathways along PEO-ceramic interface 
and enhance the lithium interfacial stability while the high modulus of the nanoparticles 
compensated for the mechanical strength loss due to the decrease of crystallinity4, 11, 47-48. 
The ionic conductivity at ambient temperature stayed stable within the time frame of the 
test (several days) yet evaluation of the long-term stability of these amorphous structures 
had not been reported48-50. The specific role of ceramic fillers is still under debate since 
contradictory results had been found elsewhere51-55. Recent years a few other studies had 
been focused on polymer/CNT or polymer/clay nanocomposites, but only moderate 
improvement has been reported so far56-58. 
Despite the direct linkage between ion conduction and polymer dynamics had 
been highly appreciated and it has been widely accepted that cation transport is confined 
only in the amorphous PEO/lithium phase, there are still a few limited studied highlighted 
the merits of crystallization. Bruce et al. first reported that certain 6:1 crystalline 
complexes (for example, P(EO)6:LiAsF6) can offer even greater ion conductivity than its 
amorphous equivalence in the late 1990s59-61, which was some twenty years later since 
crystalline polymer electrolyte had been treated as insulators. More recently, Fullerton-
Shirey et al. observed the highest conductivity in PEO/LiClO4 blend electrolytes at a 
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moderate crystallinity instead of completely amorphous state; and speculated that PEO 
crystallization might have some templating effect that promoted the ion transport62. 
However, no detailed explanation had been further explored. 
In general, to obtain a comprehensive understanding of the crystallization effect 
on ion conduction is challenging. The multiple-phase morphologies are typically too 
complicated for conducting a quantitative analysis to correlate structure and ion transport 
in semicrystalline SPEs due to the ambiguities introduced by the salt concentration, 
anions, and thermal history62-67. Since semicrystalline polymers provide the much needed 
mechanical properties for device applications, if the ion conduction can be better 
understood and controlled, it would offer an alternative solution to develop high 
performance SPEs that competes with the most popularly studied BCP and 
nanocomposite SPEs.  
1.2 Objectives 
The objective of the dissertation study is to have an in-depth understanding on the 
fundamentals of ion conduction in semicrystalline PEO based SPEs, and this 
understanding would provide insights in the design and development of high performance 
polymer electrolytes for energy related applications.  
1.3 Contributions 
This thesis is divided into 9 chapters. Chapter 1 describes the general background, 
motivation and objective of this research. Chapter 2 gives a detailed literature review on 
the history, ion conduction mechanism and state-of-art development of SPEs. Chapter 3 
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discusses all the materials and methods, characterization techniques, and experimental 
setups employed in this dissertation study. Chapters 4 to 8 cover detailed results and 
discussions on the three above-mentioned semicrystalline SPE systems. Chapter 9 
includes conclusion of the outcomes from this dissertation and recommendations for 
future work. 
The main contributions of this thesis include: 
• Identified that PEO crystal orientation was a critical factor for ion conduction using a 
solution cast PEO/LiClO4 SPE prepared by slow solvent evaporation. Correlation 
between PEO crystal alignment and the ionic conductivity anisotropy had been 
established. Detailed morphology characterization and electrochemical impedance 
measurements will be described in Chapter 4.  
• Developed a graphene oxide-PEO nanocomposite SPE system to further tune the ion 
conduction pathways and the conductivity anisotropy was improved. The structure, 
crystallization behavior and ion conduction of the nanocomposite SPE were 
thoroughly studied and will be discussed in Chapter 5. 
• Designed a unique SPE consists of PEO single crystals with precisely controlled size, 
thickness and orientation as a model electrolyte system. Two prototype lithium salts: 
LiClO4 and LiTFSI were selected and the anion effects on the structure and ionic 
conductivities of the polymer single crystal SPEs were compared. The structural 
analysis and ion conduction behavior of the single cystal-LiClO4 SPEs will be 
described in Chapter 6 and the LiTFSI system will be discussed in Chapter 7. 
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• The two critical factors that strongly affect ion conductivity: namely tortuosity and 
dynamic effect were completely decoupled and quantified using these PEO single 
crystal model SPEs. The ion conducting mechanism was quantitatively explained 
using both permeability model and molecular structure model and a generic ionic 
conductivity expression for semicrystalline SPE with well-defined structures had 
been proposed at the end in Chapter 8.  
 
Related publications include:  
1. Cheng, S.; Smith, D. M.; Li, C. Y., How Does Nanoscale Crystalline Structure 
Affect Ion Transport in Solid Polymer Electrolytes? Macromolecules 2014, 47 
(12), 3978-3986. 
2. Cheng, S.; Smith, D. M.; Li, C. Y., Enhanced ion transport in a PEO single crystal 
model electrolyte containing LiTFSI. In preparation 
3. Cheng, S.; Smith, D. M.; Li, C. Y., Conductivity anisotropy in a graphene 
oxide/polyethylene oxide nanocomposite electrolyte. In preparation 
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CHAPTER 2:  AN OVERVIEW OF SOLID POLYMER ELECTROLYTES 
2.1 History of solid polymer electrolytes  
The development of solid polymer electrolytes (SPEs) has experienced four 
stages. The 1970s was marked as “a period of significant change”. The discovery of SPEs 
was facilitated by the significant progress in polymer science. Shortly after Wright et al. 
reported the semicrystalline structure of complexes between PEO and alkali salts in 
197368 and the following study on its electrical properties69-70, Armand proposed to use 
these polymer-alkali salt complexes as solid electrolyte for the high-energy-density 
battery application since they combined solid-state electrochemistry and the advantage of 
flexible, easy processing nature of plastics71. Interests in this emerging area started to 
span worldwide since then. Early investigations focused on understanding the correlation 
between morphology and conductivity of these complexes. It was initially speculated that 
ion transport through the polymer helices in the crystalline phase, similar to inorganic ion 
conductors. However, it was soon demonstrated that only the amorphous phase accounts 
for ion conduction72-75.  
The linkage between polymer segmental dynamics and ion transport in early 
1980s largely determined the direction of SPE development during the second decade. 
Tremendous efforts were devoted to inhibiting polymer crystallization in SPEs. The 
strategies that have been developed include modification of the polymer structure with 
different architectures, such as comb-like type with short PEO chain and cross-linked 
network polymers12-14, 76. However, the major issue with these approaches is that 
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reducing the crystallinity of the polymer would inevitably sacrifice the mechanical 
integrity, which contradicts the original intention of using mechanically robust polymer 
membranes for safer battery applications. To find a balance between fast ion transport 
and high mechanical property, several approaches were developed during the middle to 
late 1980s, including polymer blends SPEs, block copolymer SPEs and ceramic 
reinforced SPEs47, 77. Development of single ion conductors started in the middle of 
1980s in recognisation of the importance of high cation transference number for the 
battery performance. Progress had been made in understanding of the SPE structure: 
Crystallographic structure of a PEO:NaI 3:1 crystalline complex was fully determined 
using X-ray diffraction method for the first time by Chatani et al. in 198778. Meanwhile, 
several theoretical models had been developed in this period to describe the ion transport 
properties in SPEs79-85. Significant contributions had been made during the second decade 
as clearly suggested by the exponential growth of publications in Figure 2.1. 
Development of “classic” PEO-based SPEs continued in the 1990s with efforts on 
decoupling ion transport from the mechanical support and increasing the charge carrier 
density. Besides the conventional SPE systems such as amorphous SPE, multiphase SPE 
and single ion conductors, Angell et al. showed the advantage of using a novel “polymer-
in-salt” electrolyte with superior performance86. 
Lastly, great innovations and breakthroughs have been witnessed during the last 
decade. A class of nanocomposite SPEs developed by Scrosati et al. appears to be 
promising candidates for high performance lithium battery applications due to their 
enhanced mechanical, thermal, and electrochemical stability, as well as room temperature 
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conductivity48-49, 87. The discovery of fast ion transport in some P(EO)6LiX crystalline 
complexes by Bruce et al. has led to a reconsideration of the fundamental ion conduction 
mechanism in polymer electrolytes59-61. Decoupling of ion conductivity from polymer 
segmental relaxation is observed in some fragile systems, which provides a novel concept 
for new SPE design88-89. With the aid of computer modeling, the polymer dynamics and 
ion association in both polymer/salt blends and single ion conductors have been 
systematically studied90-97. Figure 2.2 gives a general summary of the development of the 
SPE systems during the last four decades. 
 
 
Figure 2.1 Number of publications related to polymer electrolytes in the past forty years. The 
growth of publications was in an almost log-liner fashion. Adopted from ref.11 
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Figure 2.2 Summary of solid polymer electrolyte development during the last four decades. 
 
2.2 Fundamentals of SPEs 
2.2.1 Formation of polymer- lithium salt complex 
In order to effectively solvate the salt and form polymer-lithium complex, the 
following basic criteria need to be satisfied for the host polymers: (i) high dielectric 
constant (ε); (ii) high electron-donor characteristics, polymers with high concentration of 
sequential polar groups on their backbone such as ether (-O-), sulfide (-S-), amine (-N-), 
phosphine (-P-), carbonyl (C=O) and cyano (C=N) are good candidates for complex 
formation8, 13; (iii) appropriate distance between coordinating centers, which is best 
illustrated by crown ethers98-99; (iv) flexible backbone and low steric hindrance for bond 
rotation; (v) easy to synthesize and process. PEO is one of the most popularly selected 
candidate since it exhibits strong ability to form complexes with a variety of metal salts7-
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9, 76, 100
. The ethylene oxide unit (CH2CH2O) has both strong electron donor 
characteristics and an optimal heteroatom spacing that facilitates the dissociation of the 
salt. And the high flexibility of the PEO chain indicated by a low glass transition 
temperature allows the reorganization of the chain for cation coordination. Polypropylene 
oxide (PPO) is another candidate as an ion-hosting polymer. Although it remains 
amorphous at room temperature that favors ion mobility, the solvation ability is less 
effective compared with PEO due to its low dielectric constant and the stereo hindrance 
imposed by the additional methyl groups7-8. Other polymers such as polysiloxanes, 
poly(ethylene succinate) and poly(ethylene imine) all have shown certain capacity of 
complex formation with alkali metal salts but are far less competitive with PEO based 
polyethers7-8. 
On the other hand, only salt with low lattice energy has been demonstrated to 
form complex with given polymer host8. These salts are usually characteristic of large 
anions with negative charges well dispersed by the electron withdrawing ligands. The 
higher degree of charge delocalization the better solvation of the salt in a given host. The 
dissociation constant for commonly used anions follows the order below7, 100-102: 
(CF3SO2)2N─, AsF6─ > PF6─ > ClO4─ > BF4─ > CF3SO3─ > CF3CO2─ 
Other factors that need to be taken into considerations for the salt to be used as 
solute in the electrolyte include: high solubility and conductivity, inert against electrode, 
wide electrochemical window, good thermal stability and minimum toxicity. Summaries 
on the property and performance of different types of salts can be found in several 
reviews47, 101, 103. 
15 
 
2.2.2 Ion conduction mechanism in SPEs 
The structure of polymers determines the unique ion conduction mechanism. 
Unlike any liquid electrolyte system in which the small molecules can reorient 
themselves and accompany the diffusion and migration of the solvated ions, the long 
range movement of the polymer is restricted due to entanglement. The ion conduction in 
polymers is through a unique segmental motion assisted ion hopping mechanism as 
illustrated in Figure 2.3. Li+ cation forms complex with approximately four to five ether 
oxygen on the PEO backbone. The movement of the Li+ cations involves breaking bonds 
and form new bonds with neighboring coordination sites assisted by the local 
reorganization of the PEO segments. And it was first demonstrated by Berthier et al. 
using NMR technique that ion mobility only existed in amorphous phase of the polymer 
above its Tg where the chain mobility is highest8, 75.  
 
 
Figure 2.3 Schematics of segmental motion assisted Li+ cation conduction in a polymer 
electrolyte, circles represent ether oxygen on PEO backbone, reproduced from ref.13 
 
The ionic conductivity of SPEs can be expressed using a general equation as 
follows: 
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                  n qσ µ= × ×
  (2.1) 
Where  is the ionic conductivity of the SPE, µ is the mobility of the charge 
carrier, n is the concentration of charge carrier and q is the charge of the conducting 
species. In the case of PEO-lithium SPEs, q equates to 1. The number of charge carriers 
depends on the degree of salt dissociation while the ion mobility is associated with the 
host polymer mobility. 
Temperature dependent ionic conductivity curves are commonly used to interpret 
the ion conduction mechanism in polymer electrolyte by fitting the log vs. 1/T plot into 
appropriate models71. The Arrhenius behavior of the ionic conductivity can be described 
by equation (2.2): 
 0       
a
E
exp
kT
σ σ
− =  
 
  (2.2) 
 
Where the pre-exponential factor 0 is related to the number of charge carriers, k 
is Boltzmann’s constant and Ea is the activation energy for conductivity. For amorphous 
SPEs, the temperature dependent conductivity plot often exhibited curvature that deviated 
from typical Arrhenius behavior, and this phenomenon can be better described using a 
Vogel-Tamman-Fulcher (VTF) equation104-106 as follows: 
 
1
2
0
0
BT exp
T T
σ σ
−  −
=  − 
  (2.3) 
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Where B is the pseudo-activation energy for conductivity and can be expressed as 
Ea/k, T0 is considered as an equilibrium glass transition temperature and is normally 10-
50K below the experimentally measured kinetic Tg. The VTF equation are derived from 
the quasi-thermodynamic models such as free volume107 or configurational entropy108 and 
is more relevant for amorphous polymer electrolyte in which the ion motion is related to 
the long range polymer segment motion.  
Another phenomenal model based on the WLF (Williams, Landel and Ferry) 
scaling law7, 9, 76, 109-110 that commonly used in polymer science to discuss the viscosity 
and glass transition temperature correlations has also been modified and applied to SPE 
systems: 
 ( ) ( ) ( )
( )
1
2
/ ss T
s
C T T
log T T log
C T T
σ σ α
− −
= =   + −
  (2.4) 
Where Ts is an arbitrary reference temperature, T is called the mechanical shift 
factor and C1 and C2 are universal constants. The two expressions (2.3 and 2.4) are 
essentially the same when C1C2= B/k and C2=Ts-T0. Both VTF and WLF are empirical 
models that fit very well for a variety of amorphous SPE systems and indicate that ion 
conduction in SPEs is largely determined by the chain mobility. Although one drawback 
is that these models do not take into account for the ion-ion interaction and ion 
associations, which may introduce errors especially at higher ion concentrations.  
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2.2.3 Phase diagrams of PEO based SPEs 
The phase behavior and crystalline morphology of PEO-lithium salt SPEs had 
been extensively studied since 1980s63-64, 67, 74-75, 111-113. Several phases are defined in 
PEO-lithium salt SPEs: crystalline PEO phase, amorphous PEO-lithium complex phase, 
and stoichiometric crystalline PEO-lithium complex phases. The number and type of 
phases depend on the anion identity, salt concentration as well as thermal history and can 
be determined by X-ray diffraction, nuclear magnetic resonance spectroscopy, thermal 
analysis or polarized light microscopy111. We define three regions of semicrystalline 
SPEs based on the type of phases present in the electrolyte at room temperature in this 
thesis. Dilute electrolytes (typically at O/Li molar ratio less than 20) consist of only two 
phases: crystalline PEO phase and amorphous PEO-lithium complex phase. Semi-dilute 
electrolytes (O/Li molar ratio around 8-20) have the most complicated morphology where 
multiple phases co-exist, including crystalline PEO, amorphous PEO-lithium complex 
phase and crystalline PEO-lithium complex phases. Concentrated SPEs (or polymer in 
salt) only consist of crystalline complexes with stoichiometry of 6:1, 4:1, 3:1 or 2:1 
depending on the type of anion.  
Figure 2.4 shows the phase diagrams of a few commonly studied PEO-lithium salt 
SPEs111, 114. Stoichiometric compound of 6:1 and 3:1 are found in SPEs containing 
LiClO4, LiAsF6 and LiTFSI, while only PEO-lithium 3:1 complex is identified in PEO-
LiCF3SO3 SPEs. A eutectic with melting temperature of 50-55 °C is observed for all 
types of SPEs at composition range from 10< O/Li molar ratio< 100 expect for low Mw 
PEO-LiTFSI SPEs, in which a crystallinity gap between 6< O/Li molar ratio< 12 is 
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observed due to the plasticizing effect of TFSI- anion. P(EO)6LiAsF6 has a melting 
temperature of 136 °C, which is 70 °C higher than that of P(EO)6LiClO4. Most 
P(EO)3LiX complexes have melting temperatures above 100 °C.  
 
 
 
(a) (b)
(c) (d)
PEO-LiTFSI
20 
 
Figure 2.4 Phase diagrams of a series PEO-LiX electrolytes: (a) PEO-LiClO4; (b) PEO-LiAsF6; (c) 
PEO-LiCF3SO3; (d) PEO-LiTFSI. Figures (a-c) are reproduced from ref 111 and figure (d) is 
reproduced from ref 114.  
 
Polarized light microscopy experiments reveals that PEO crystallizes into fringed 
spherulite in dilute SPEs, due to the strong interference with lithium salts66, 115-116. During 
the crystallization process, lithium salts are expelled from the crystals and enriched in the 
amorphous phase between adjacent spherulites as well as in the amorphous inter-lamellar 
region. The inhomogeneity of the SPEs can be probed using impedance spectroscopy65. 
In semi-dilute electrolytes, both PEO-lithium complex (salt-rich) phase and PEO (salt-
poor) phases crystallize into spherulitic morphology63, 112. SEM along with EDX analysis 
in Figure 2.5 clearly reveal the morphology and salt distribution in a P(EO)20LiCF3SO3 
SPE112. Those salt-rich crystalline complexes also exhibit regular and densely packed 
spherulitic morphology but with higher melting temperatures74-75, 117.  
 
 
Figure 2.5 (a) SEM micrograph and (b) EDX sulfur map of a P(EO)20LiCF3SO3 SPE, reproduced 
from ref.112  
a b
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Figure 2.6 Ionic conductivity as a function of salt content at various temperatures for (a) PEO-
LiClO4 system; (b) PEO-LiAsF6 system. (Adapted from ref. 111) 
 
The overall conductivity of the polymer electrolytes is determined by (i) the 
number of charge carriers; (ii) degree of charge dissociation and (iii) the interaction 
between the ions and the polymer chain, all of which are strongly affected by the ion 
concentration. For most of the SPE systems, the optimized ionic conductivity is around 
O/Li molar ratio of 8~ 20 above PEO melting temperature as shown in Figure 2.6. In 
dilute region, the ionic conductivity increases monotonically with ion concentration due 
to the increased number of charge carriers. Above an optimal concentration, ionic 
conductivity begins to decrease as a result of significant ion pairing and physical cross-
linking between polymer chain and Li+, as well as the formation of PEO-Li crystalline 
complex that restricts the ion mobility. At temperatures below Tm, the concentration 
dependence on ionic conductivity is complicated by PEO crystallization. 
(a) (b)
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2.2.4 Ion conduction in semi-crystalline SPEs 
The crystallization of linear PEO has been long viewed as unfavorable for ion 
conduction. Generally speaking, the detrimental impact of crystallization can be 
categorized into three aspects as illustrated in Figure 2.7: (i) decrease the effective 
fraction of amorphous conducting phase; (ii) restrict chain mobility (dynamic/tethered 
chain effect) and (iii) introduce more tortuous pathways for ion transport (tortuosity 
effect). Although extensive studied had been conducted to understand the correlation 
between crystallization and ionic conductivity reduction, obtaining a quantitative analysis 
is challenging since those three factors are usually intertwined. 
 
 
Figure 2.7 Schematic illustration of amorphous to crystalline transition in PEO based SPEs. 
 
The temperature dependent conductivity plots of semicrystalline PEO SPEs 
provide some useful information on the degree of conductivity reduction due to PEO 
crystallization. Figure 2.8 shows the conductivity plots of a series of P(EO)nLiClO4 
electrolytes as an example. A conductivity “Knee” is observed for electrolytes at all 
concentration range around PEO melting temperature Tm (~60 to 70 °C), below which 
+
+
+ +
+
+
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temperature the conductivity quickly drops to below 10-7 S/cm. This 2-3 order of 
magnitude conductivity reduction at room temperature results from the decrease of the 
conducting phase volume fraction, restriction of chain mobility and the increased 
tortuosity as mentioned earlier, whereas the contributions from each factor cannot be 
quantitatively decoupled. All SPEs follow a typical Arrhenius behavior below the Tm of 
PEO, suggesting that the long term polymer segmental motion is restricted and ion 
hopping is the major ion conducting mechanism. The steeper slop at low temperatures 
indicates a higher energy barrier for ion transport in semicrystalline SPEs. 
 
 
Figure 2.8 Temperature dependent ionic conductivity for solution cast P(EO)nLiClO4 electrolytes, 
reproduced from ref.111 
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Figure 2.9 Polarized light microscope images (left) and the corresponding impedance spectrum 
(right) of a P(EO)6: LiTFSI SPE under different thermal conditions, selectively reproduced from 
ref.64  
 
Although the highest ionic conductivity is expected in the completely amorphous 
state where the chain mobility is highest as opposed to the corresponding semicrystalline 
SPE with equivalent ion concentration, contradictory observation had been reported by 
Fullerton-Shirey et al. on solution cast PEO-LiClO4 SPE systems62. The plot in Figure 
2.10 shows that the 14:1 (O/Li molar ratio) sample with 31% crystallinity has comparable 
and even higher ionic conductivity than the 8:1 sample that is completely amorphous at 
22 °C and 50 °C, respectively, although the effective Li+ concentration (normalized by 
PEO crystallinity) and the Tg of the two SPEs are the same. Apparently the ion 
conduction is decoupled from chain mobility in this case and the enhanced ionic 
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conductivity in semicrystalline SPEs indicates that there might be a fast ion transport in 
the amorphous conducting phase confined by PEO crystalline lamellae. 
 
 
Figure 2.10 Ionic conductivities, glass transition temperatures (Tg) and crystallinity (*) as a 
function of LiClO4 concentration at different temperatures for PEO-LiClO4 SPEs, reproduced 
from ref.62 
 
2.2.5 Ion conduction in some Crystalline P(EO)6:LiX SPEs 
At high concentrations, PEO forms stoichiometric crystalline compounds with Li+ 
cation. These crystalline compounds are generally believed to be insulating expect for 
certain P(EO)6:LiXF6 crystalline complexes (X= P, As, Sb) that were first discovered by 
Bruce et al.59, 118-119. The structure of these 6:1 crystalline electrolyte was solved ab initio 
from powder diffraction data for the first time, which ultimately boosts the new 
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breakthrough of understanding the ion conduction in crystalline SPEs120. The structure of 
P(EO)6:LiAsF6 crystalline complex is illustrated in Figure 2.11. The crystalline complex 
adopts a monoclinic unit cell. Two PEO chains interlock to form a cylinder with Li+ 
cations reside inside the cylinder in a row. Each PEO chain adopts a non-helix 
conformation of ctgtgctcttgtcgt. The anions are located between the cylinders and do 
not coordinate with Li+. The crystalline structures of all three complexes are essentially 
the same, but as the anion size increases from PF6- to AsF6- to SbF6-, the volume of the 
unit cell does expand by pushing the cylinders apart along b and c axis and stretching the 
polymer chain along a axis. Nevertheless, the Li+ coordination number and Li-O bond 
strength remain unchanged for all three crystalline complexes. 
 
 
Figure 2.11 crystal structure of P(EO)6:LiAsF6 crystalline complex, reproduced from ref. 59. 
 
The temperature dependent ionic conductivity of crystalline P(EO)6:LiSbF6 as 
shown in Figure 2.12 suggests that ion conduction not only takes place in crystalline 
phases but also is faster compared with that in more mobile amorphous phases. The 
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conductivity plot of P(EO)6:LiSbF6 exhibits typical Arrhenius behavior, indicating an ion 
hopping mechanism is dominating for the ion conduction. The Li+ diffusion pathways 
within the cylinder is also proposed based on the crystal structure and is illustrated in 
Figure 2.13. Since no crystalline solid is perfect, the migration of Li+ from one site to the 
neighboring site is facilitated by the presence of vacancy defects. 
 
 
Figure 2.12 Temperature dependent ionic conductivity of crystalline (solid circle) and amorphous 
(open circle) P(EO)6:LiSbF6, reproduced from ref.59, 121 
 
 
Figure 2.13 Schematic illustration of Li+ diffusion pathways in a P(EO)6LiPF6 crystalline 
complex, adopted from ref.60 
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Despite promising ion conduction had been demonstrated in these P(EO)6:LiXF6 
crystalline complexes, the room temperature conductivities (10-7~10-8 S/cm) are still far 
less than satisfactory for any applications. Substituting LiXF6 with salt bearing large 
delocalized anion such as TFSI─ improves the conductivity by one to two order of 
magnitude due to the disruption of the potential around Li+ in the region of TFSI─ anion61. 
Increasing the PEO polydispersity or replacing the methoxy capped chain end with –
OC2H5 group may further improve the conductivity by one order of magnitude by 
introducing more defects that leads to an increased concentration of charge carriers122. 
Another limitation for these crystalline SPEs is that the optimal ionic conductivity is at 
Mw of 1000 Da, further increasing the Mw significantly reduces ion conductivity due to 
the increase of grain boundaries and misalignment of the crystallites that impedes ion 
transport. 
In summary, the ion conduction in linear PEO based SPEs is complicated by 
crystallization. Although there is a direct correlation between polymer dynamics and ion 
transport in most of the SPEs, cautions need to be taken when interpreting the ionic 
conductivity in a specific SPE system. The segmental motion along cannot fully explain 
the ion conduction phenomenon in crystalline SPEs. The structures of the electrolyte, the 
organization of the polymer chain and the alignment of the conducting channels are also 
important factors that contribute to the overall ionic conductivity. 
2.2.6 Effect of molecular weight on ion conduction 
The dependence of molecular weight on the glass transition temperature Tg can be 
described by the following Fox and Flory equation based on the free volume theory123: 
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Where gT
∞
 is glass transition temperature for an infinitely long polymer chain and 
K is a constant that related to the excess free volume. According to the theory, the end 
groups are relatively more mobile compared with the middle segment, which leads to a 
larger excess of free volume. Increasing the molecular weight will decrease the fraction 
of end groups, resulting in a reduced free volume, therefore a higher Tg. But this effect is 
diminished above the critical entanglement molecular weight (Mc), and the Tg becomes 
nearly constant afterwards. 
In amorphous homopolymer electrolyte, the ion conductivity is correlated to the 
segmental motion of the polymer, which increases with the decrease of Tg. Therefore the 
effect molecular weight on ion conduction follows the same relationship. Shi and Vincent 
reported that the cation mobility in PEO host decreases with increasing molecular weight 
up to a critical molecular weight of 3200 g/mol, above which the molecular weight has 
little effect on the cation mobility124. But it needs to be noticed that of the molecular 
weight dependence on the conductivity only apply to high temperature situation where 
the homopolymer is in the molten state, and does not stand for low temperature since the 
crystallization of the polymer will also have great influence on the conductivity. 
In the case of low molecular weight PEO electrolyte, the end group effect also 
plays an important role to the overall conductivity. Devaux et al. had reported that the 
ionic conductivity for a poly(ethylene glycol dimethyl ether (PEGDM)/LiTFSI 
electrolyte is higher than that of a poly(ethylene glycol) (PEG) electrolyte with -OH end 
30 
 
groups at 60 °C below Mc of PEO125. And the phenomenon is explained as that the polar -
OH group has stronger interactions with the anions and cations, which reduces the free 
volume that is critical to the polymer segmental dynamics. 
2.3 State of art development of current SPE systems 
As it is mentioned earlier in Chapter 1, the largest challenge for solid polymer 
electrolyte development is to improve the current room temperature conductivity to at 
least 10-4 S/cm while the shear modulus of the electrolyte needs to maintain sufficiently 
high (~7GPa by computational simulation126) in order to address the lithium dendrite 
formation problem. During the last few decades, tremendous efforts have been made to 
develop novel SPE systems that can meet the desired performance requirement; these 
strategies generally fall into the following three scenarios: 
(i) Design of multiphase SPEs to decouple ion transport from mechanical 
support; 
(ii) Improve conductivity anisotropy, optimize ion conducting pathways by 
creating directional and continuous conducting channels; 
(iii) Develop single ion conductor to increase charge carrier density. 
 
Table 2.1 summarizes the properties of current development of SPEs and detailed 
discussion on each type of SPE system will be discussed in the following sections. 
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Table 2.1 Summary of the current SPE systems. 
Type of 
SPEs Category Examples 
 (S/cm) 
@ T(°C) 
Mechanical 
strength 
(Pa) 
Ref. 
BCP 
SPEs (i) 
PS-P(S-g-EO)-
PS+LiTFSI (O/Li=20) 
2x10-5 
@ RT 10
8  (1)
 
127
 
PSt-b-PPME-b-PSt (80% 
PEO content) 
~10-4 
@ RT 5x10
6
 
38
 
PS-b-PEO+LiTFSI 
(O/Li=50) 
~10-3 
@ 90 
~108 
@ 90 (2) 
22
 
LC-BCP 
SPEs (i), (ii) 
PEO-b-PMA/CB+LiClO4 
(O/Li=120) 
2x10-7 
@ 20 (3) N/A 
128
 
2/LiCF3SO3 
1.5x10-6 
@ 35 (4) N/A 
129
 
PEO-
ceramic 
nanofiller 
(i), (iii) 
PEG(Mn 250 Da)/LiTFSI 
(O/Li=20) + 20wt% 
fumed silica 
10-3 
@ RT 
105 
@ RT 
130
 
P(EO)8LiClO4 + 10wt% 
TiO2 (13nm) 
1.75x10-5 
@ RT N/A 
49
 
Stretched 
SPEs (ii) P(EO)7LiI 
~10-4 
@ RT (5) N/A 
131
 
HP (i), (ii) 
Norland 65+ PEG(400 
Da)+LiTFSI (O/Li=19) 
@ 45 v/v % 
1.93x10-5 
@ RT N/A 
132
 
Single ion 
conductor (iii) 
PCHFEM-Li/PEO (Mw 
400 kDa) blend 
~10-5 
@ 100 N/A 
133
 
P(MEO-MALi) 2x10
-7 
@ RT N/A 
134
 
P(STFSILi)-b-PEO-b-
P(STFSILi) @ O/Li=27 
~10-5 
@ 60 ~9x10
6   (6) 135
 
 
Note: 
(1): Dynamic Young’s modulus was measured at 1 Hz. 
(2): Shear modulus was measured using parallel plate rheometer. 
(3): Ionic conductivity was measured parallel to PEO cylinder long axis. 
(4): Ionic conductivity was measured parallel to the smectic layer. 
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(5): d.c. conductivity was measured along the stretching direction using four-probe-
electrode setup. 
(6): Tensile strength was measured at 40°C on a DMA at 0.1N/min ramp force. 
 
2.4 Decouple ion conduction from mechanical support 
2.4.1 Block copolymer (BCP) SPEs 
Due to the unique micro-phase separated structure, block copolymer SPEs 
containing rigid reinforcing segment and soft ion conducting segment provides a decent 
solution for the decoupling of mechanical properties and ionic conductivity22-24, 38-46. The 
phase separation of the BCPs is governed by the Flory-Huggins interaction parameter (χ). 
Depending on the degree of polymerization (N) and the volume fraction (f) of each block, 
the morphology of a linear AB diblock copolymer could change from spherical (S), 
cylindrical (C), gyroid (G) to lamellar (L) as illustrated in Figure 2.14136. To effectively 
address the lithium dendrite formation problem, BCP with 3D gyroid, 2D cylindrical or 
lamellar morphologies are more beneficial over the 1D spherical morphology in terms of 
maximizing mechanical property enhancement137. Therefore, most of the BCP SPEs 
studies have been focused on higher dimensional morphologies. 
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Figure 2.14 Theoretical (a) and experimental (b) phase diagrams for linear AB diblock 
copolymers, adopted from ref.136  
 
2.4.1.1 Effect of salt-doping on the phase behavior and conductivity of BCP SPEs 
The most commonly studied BCP SPEs are based on polymer/salt blends in which 
the salt is preferentially dissolved in the PEO solvating block. Introduction of lithium salt 
into the conducting domain significantly influences the phase behavior of the BCPs and 
ultimately impacts the ionic conductivity of the SPEs22, 25, 29, 39, 138-147. For example, 
poly(methyl methacrylate-b-oligooxyethylene methacrylate) (PMMA-b-POEM) exhibits 
a disordered phase at all temperatures due to the thermodynamic compatibility of the two 
blocks and the order-disorder transition (ODT) temperature is well below its Tg. Doping 
with appropriate amount of LiCF3SO3 (O/Li molar ratio of 20:1) dramatically enhanced 
the phase segregation and shifted the ODT to above 200 °C. Due to resultant phase-
separated structure, the ionic conductivity increased one to two order of magnitude 
compared with the random copolymer P(MMA-r-OEM)39. Young et al. studied the phase 
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behavior of a PS-PEO diblock copolymer doped with different lithium salt. The 
morphology changed from hexagonally packed cylinders to lamellar morphologies when 
the salt concentrations increased from 48:1 to 3:1 (O/Li molar ratio) as shown in Figure 
2.15 along with an increased domain spacing144. More complicated phase behavior had 
been studied on some triblock copolymer SPEs. In a LiClO4-doped poly(styrene-b-
isoprene-b-ethylene oxide) (PS-PI-PEO) triblock copolymer SPE system studied by Epps 
et al.,  two phases (core-shell gyroid and semiperforated lamellae) present in the neat 
BCP were replaced by the core-shell cylinder phase in the SPEs. Salt doping also led to 
an expansion of the domain spacing and significant increase of TODT138, 141. The 
modification of the phase behaviors in these BCP SPE systems is attributed to the change 
of Flory-Huggins interaction parameter (χ) due to the introduction of the salt. The 
complexation between PEO chain and lithium ions results in an increased incompatibility 
between the PEO domain and the non-conducting domain, driving the phase separation 
towards the strong segregation region. 
 
 
Figure 2.15 TEM micrograph of PS-PEO neat BCP (left), PS-PEO BCP doped with LiClO4 with 
[EO] to [Li] molar ratio of 6:1 (middle) and 3:1 (right), reproduced from ref.144  
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The local stress induced by phase segregation can also result in a non-uniform 
distribution of Li+ ions in the conducting phase. Gomez et al. had studied the Li+ 
distribution in a PS-PEO BCP SPE with lamellar morphology using energy-filtered 
transmission electron microscopy24. The elemental mapping of the BCP SPE cross-
section reveals that lithium ions are preferentially located at the center region of the PEO 
domains. This is because the PEO chains are stretched at the interface and this extended 
conformation is unfavorable for EO/Li+ coordination, leading to an exclusion of the ions 
away from the PEO-PS interfacial region. 
 
 
Figure 2.16 Elemental mapping of a PS-PEO BCP SPE doped with LiTFSI. Adopted from ref.24  
 
The chain stretching effect at the interface of the two blocks and uneven ion 
distribution suggest a fundamental difference in ion conduction mechanism between BCP 
SPEs and homopolymer SPEs. As discussed earlier, the ion conduction mechanism in 
homopolymer electrolyte system is mainly governed by the polymer segmental motion. 
The cation mobility initially decreases with the increase of Mw and becomes nearly 
independent of Mw above the Mc (3200 g/mol for PEO), which is consistent with the 
molecular weight dependence on Tg. However, the ionic conductivity shows a complex 
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dependence on the Mw in the BCP SPE case. Balsara and co-workers had systematically 
studied the Mw effect in a lamellar forming PEO-PS BCP electrolyte doped with 
LiTFSI22-24, 148. In the low molecular weight region where MSEO is below 10 kg/mol, all 
the ions are confined in the interfacial zone, and the ion conduction is affected by at least 
two competing factors: Tg of the PS block and the width of the conducting PEO channel, 
the net effect results in a weak linear declining trend of the normalized conductivity as a 
function of MSEO (shown in Figure 2.17). When MSEO is above 10 kg/mol, the interfacial 
effect becomes negligible and the normalized conductivity exhibits a sigmoidal increase 
with increasing molecular weight due to the increased fraction of the “free” PEO 
conducting channel. 
 
 
Figure 2.17 Normalized conductivity as a function of MPEO at 90 °C, reproduced from ref.148 
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2.4.1.2 Effect of salt-doping on mechanical properties of BCP SPEs 
While extensive interests have been focused on understanding the morphology 
and ion conduction in BCP SPEs, a limited number of literatures have covered the 
mechanical property measurements using different characterization techniques. The 
mechanical integrity of BCP SPEs is largely contributed from the non-conducting glassy 
phase, in most of the cases, PS or PMMA block. Wang et al. reported dynamic Young’s 
modulus on the order of 108 Pa between 0 to 100 °C in a microphase-separated 
poly(styrene-b-(styrene-g-ethylene oxide)-b-styrene) (PS-P(S-g-EO)-PS) graft copolymer 
SPE doped with LiTFSI, while the room temperature ionic conductivity of the SPE 
remained ~ 2x10-5 S/cm, which is 2 order of magnitude higher than its homopolymer 
counterpart SPE due to the inhibition of PEO crystallization of the BCP127. Niitani 
studied a BAB block copolymer containing polystyrene and poly(ethylene glycol) methyl 
ether methacrylate (PSt-b-PPME-b-PSt) prepared by living polymerization. The triblock 
copolymer doped with LiClO4 exhibited gyroid morphology with a continuous PEO 
network formation above 70% PEO content. The ionic conductivity reached ~ 10-4 S/cm 
above the percolation of PEO phase whereas the tensile strength dropped below 107 Pa at 
room temperature38. Balsara and co-workers had demonstrated that the shear modulus 
remains unaffected by addition of LiTFSI throughout the entire frequency range for 
randomly orientated lamellar PS-b-PEO diblock copolymer SPEs. And the storage 
modulus measured using a parallel plate rheometer reached ~ 108 Pa at 90 °C for BCP 
SPE with high molecular weight22. Although the reported mechanical properties of 
current BCP SPEs are still below the 7 GPa shear moduli that is required to completely 
prevent lithium dendrite formation by computational modeling126, considerable 
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improvement on the interfacial stability between the lithium electrode, electrochemical 
stability window and cycle life of these BCP SPEs had been achieved30, 38, 127, 149. 
2.4.2 Nanocomposite SPEs 
Another widely studied approach to address both conductivity and mechanical 
properties is based on PEO-ceramic nanocomposite SPEs. The incorporation of certain 
ceramic fillers with Lewis acid characteristic such as TiO2, SiO2, or Al2O3 are shown to 
effectively enhance both ionic conductivity and the mechanical properties of the SPEs48-
50, 52-53, 77, 87, 130, 150-162
. During the early investigations, Scrosati and co-workers had found 
that the addition of micro-sized ceramic particles γ-LiAlO2 into a P(EO)8LiClO4 SPE 
improved the mechanical property, interfacial stability and ionic conductivity150. 
However, the mechanism of this enhancement was not well understood. Follow up 
studies suggests that ceramic particles with nanoscale particle size can result in even 
better performance, and the ion conduction mechanism in these nanocomposite SPEs had 
been systematically studied48-50, 87, 155, 157.  
The ion conduction in P(EO)8LiClO4 nanocomposite SPEs was studied by 
Scrosati’s group49. Figure 2.8 compares the temperature dependent conductivity curves of 
ceramic-free SPE with nanocomposite SPEs containing 10wt% TiO2 (13 nm) and Al2O3 
(5.8 nm) nanoparticles, respectively. The as-cast composite SPE containing Al2O3 
nanoparticles exhibits similar curve as the ceramic-free SPE. However, subsequent 
cooling curves show completely different behaviors. The conductivity “knee” around 60 
°C that commonly observed for neat PEO SPEs disappeared for both TiO2 and Al2O3 
nanocomposite SPEs. The room temperature conductivities of the nanocomposite SPEs 
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were over 2 orders of magnitude higher than that of ceramic-free SPE and remained 
stable for a few days. The mechanism of this enhancement was explained as the Lewis-
acid interactions among the surface of the nanoparticles, the anions and the ether oxygen 
on PEO chains. The ceramic nanoparticles with Lewis acid characteristic are competing 
with lithium cations to form complex with PEO segment and anions, which act as cross-
linking centers to inhibit polymer re-crystallization. This was confirmed by the absence 
of melting peaks even after a few days annealing measured by differential scanning 
calorimetry (DSC)50. 
 
 
Figure 2.18 Temperature dependent ionic conductivity of PEO-LiClO4 ceramic-free and 
nanocomposite SPEs, adopted from ref.49 
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However, the theory alone cannot explain the enhanced ionic conductivity above 
the Tm of PEO, where PEO remains in amorphous state in both systems. Additional 
mechanisms of the ceramic particle surface effect were further investigated. Chung et al. 
reported that the cation transference number t+ for the nanocomposite SPEs (0.5-0.6 for 
SPE containing TiO2) was considerably higher than the ceramic-free SPEs (usually 0.2-
0.3). And the cation diffusivity measured by NMR methods was nearly one order of 
magnitude higher in the nanocomposite SPEs87. These evidences likely suggest that the 
specific Lewis acid-base interactions among the ceramic surface groups, lithium salt and 
the polymer segments facilitate the ion dissociation and possibly create preferential 
conducting pathways at the boundaries of the ceramic particles to promote Li+ transport. 
The type of the functional groups on the surface of the ceramic particles plays a 
critical role to the ion conduction in nanocomposite SPEs. In a study conducted by Croce 
et al., Al2O3 nanoparticles with different surface characteristics: acidic, neutral and basic 
had been incorporated into a P(EO)20LiSO3CF3 SPE157. The acidic/neutral Al2O3 based 
SPEs showed higher degree of conductivity enhancement over basic Al2O3 SPE. The 
author proposed the mechanism to be the specific Lewis-acid interactions as illustrated in 
Figure 2.19. Acidic/neutral Al2O3 formed hydrogen bonding with the anions as well as 
the ether oxygen on PEO chain, promoting the salt dissociation and weakening the 
cation-polymer coordination; while the basic Al2O3 can only interact with Li+. However, 
the study conducted by Jayathilaka et al. on a P(EO)9LiTFSI SPE system suggests that 
there is no direct interaction between the filler particles and the polymer chain. The Al2O3 
particles interact with both cations and anions, providing additional sites for ion hopping. 
The degree of conductivity improvement by the nanoparticles followed the order: acidic 
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> basic > neutral > weakly acidic > filler free53. Other study on low Mw PEG-LiClO4-
Al2O3 system showed that the neutral fillers gave higher conductivity compared with 
acidic and basic fillers52. There is no clear trend of role of surface groups and it seems the 
specific interactions also depend on the type of anions and the polymer matrix being 
used. 
 
 
Figure 2.19 Illustration of the surface interaction between Al2O3 nanoparticles with different 
surface characteristics and the PEO-LiSO3CF3 complex. (cited from ref 157) 
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Although the nanocomposite approach for novel SPE development appears to be 
promising, the enhancement of conductivity due to the nanoparticles is not universal and 
contradictory results had been found in other SPEs. Best et al. found no improvement and 
even a decrease of conductivity in some fully amorphous polyether based SPEs with the 
addition of TiO2 or Al2O3 nanoparticles51. Johansson et al. reported no significant 
influence of the SiO2 fillers on the amorphous PEO-LiTFSI SPEs54. Xie et al. studied a 
PEO-LiTFSI SPE containing fumed silica nanoparticles and conductivity of the 
composite SPE was found to be decreased above Tm compared with ultra pure PEO 
SPEs55. Depending on the type of anions, the nature of the nanoparticles and the structure 
and Mw of the polymer, different ion conduction mechanisms may be proposed. A better 
understanding on the fundamentals of ion transport in these multiphase SPE systems 
needs to be promoted.  
2.5 Improve conductivity anisotropy 
2.5.1 Alignment of BCP SPEs 
Self-assembled BCP electrolyte membranes with 1D cylindrical forming or 2D 
lamellar forming morphologies often consist of randomly orientated grains. Based on the 
effective medium theory163, a morphological factor (f) has been introduced to count for 
the tortuosity effect on the conductivity of BCP SPEs. And f equals to 1/3 for cylindrical 
BCPs and 2/3 for lamellar forming BCPs. Alignment of the micro-domains leads to an 
improvement of the conductivity by creating continuous conducting pathways for 
directional ion transport. Park et al. studied the alignment of a hydrated 
poly(styrenesulfonate-b-methylbutylene) (PS-PMB) BCP film with lamellar morphology 
43 
 
using several approaches, including hot press, applying external forces such as electric 
field or mechanical shear force164. In this study, the highest conductivity anisotropy was 
reported to be 75 in the hot pressed sample. And only 30% conductivity improvement 
after alignment was achieved.  
Liquid crystal (LC) directed BCP alignment appears to be a more efficient 
approach to enhance the conductivity anisotropy128-129, 165-169. Kishimoto first reported a 
macroscopically oriented LC polymeric film with layered nanostructure prepared by in-
situ photopolymerization. The ethylene oxide segment was selectively doped with 
LiSO3CF3 for ion conduction and the mesogenic core induced the self-assembly129. The 
electrolyte membrane was spontaneously aligned perpendicular to the glass or ITO 
substrate when cooled from the isotropic to smectic A phases. And conductivity 
anisotropy of 4.5x103 was observed at 35 °C, indicating that the ion conduction is 
efficiently confined within the layer. Li et al. reported an anisotropy factor of 450 for a 
LC-BCP SPE PEO114-b-PMA(Az)47 at [EO] to LiCF3SO3 molar ratio of 20166. However, 
the degree of alignment of both two systems is limited to micrometer scale along 
thickness direction and none of the studies had compared the in-plane conductivity of the 
aligned SPEs with the isotropic or intrinsic conductivity values. 
Great effects had been made by Osuji and co-workers for macroscopic alignment 
of LC-BCP SPEs using magnetic field128, 167-172. Figure 2.20 shows an example of the 
structure of a poly(ethylene oxide-b-6-(4’-cyanobiphenyl-4-yloxy)-hexyl methacrylate) 
PEO-b-PMA/CB block copolymer membrane. LiClO4 was selectively doped into the 
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PEO cylindrical domains for ion conduction and the alignment of PEO cylinders was 
directed by the smectic poly(MA/CB) block upon magnetic field.  
 
 
Figure 2.20  Structure of the poly(ethylene oxide-b-6-(4’-cyanobiphenyl-4-yloxy)-hexyl 
methacrylate) PEO-b-PMA/CB BCP membrane doped with LiClO4 (top); a) Room temperature 
ionic conductivities and b) temperature dependent conductivity plots of random BCP SPE and 
aligned BCP SPE along two orthogonal directions. (Cited from ref.128) 
 
The parallel (//) and perpendicular (⊥) directions are defined as the PEO cylinders 
parallel and orthogonal to the electrode surface, respectively. The conductivity anisotropy 
(// / ⊥) reached ~ 103 under 5T magnetic field, suggesting the effective blocking of ions 
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migration transverse to the PEO cylinder long axis direction. Interestingly, a nearly 10-
fold increase of the ⊥ compared with that of isotropic SPE was observed, which deviated 
from the expected 2-fold increase based on the morphological argument predicted by 
effective medium theory. And the discrepancy suggests that the less ideal connectivity at 
the grain boundaries may have caused the conductivity decrease in the isotropic LC-BCP 
SPEs. 
2.5.2 Holographic polymerization 
Holographic polymerization (HP) technique has been used to fabricate tunable 
periodic nanostructured membranes with long-range order and low defect173. Recently it 
has been demonstrated that this versatile technique can be used to fabricate novel 
electrolyte membrane with both robust mechanical property and highly ordered 
conducting channels. During the photopolymerization process, a mixture of 
polymerizable monomers, initiators and inert components are exposed to an interference 
pattern generated by two or more coherent beams. The monomers diffuse into the light or 
constructive region and start to cross link, while all the inert components are excluded 
into the dark destructive area. Depending on the geometry of the optical setups, 1D, 2D 
or 3D nanostructure with tunable spacing can be readily patterned. Smith et al. had first 
reported a holographic polymerized SPE, in which PEO-LiTFSI electrolyte was confined 
in ~100 nm layered conducting channels132. The ionic conductivity along the channels 
was consistently higher than the isotropic conductivity especially at high PEO-LiTFSI 
volume loadings, clearly indicating the importance of structural ordering on the 
conductivity improvement (Figure 2.21). It is expected that selecting appropriate recipe 
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to enhance the phase separation during the photopolymerization process could further 
improve the structure ordering and consequently optimize the ion conducting channel.  
 
 
Figure 2.21 Left: Schematics of the optical set up for reflection and transmission gratings and 
electrode configuration for conductivity measurements; Right: Ionic conductivity as a function of 
PEO-LiTFSI volume fraction and cross-section morphologies of selected SPEs. Reproduced from 
ref.132 
 
2.5.3 Stretched SPEs 
Anisotropic conductivity was also found in some stretched semi-crystalline PEO 
SPEs131, 174-181. Golodnitsky and co-workers had reported stretching induced d.c. 
conductivity enhancement by a factor of 5 to 40 in several P(EO)nLiX (X= I, CF3SO3, 
TFSI, BOB) electrolytes131, 174-176, 181. In these studies, the hot pressed electrolyte 
membrane was uniaxially stretched under 450-500 N/cm2 load at elevated temperatures 
and the in-situ longitudinal conductivity was monitored using four-probe-dc setup (Figure 
2.22 left). Stretching induces the unraveling of loops in the polymer molecule and enhances the 
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chain alignment along the direction of applied force (Figure 2.22 right). Despite a decrease of 
polymer segmental motion, Li+ hopping along the helix is facilitated by the long range order, as 
supported by the enhanced Li+ diffusivity measured by Li NMR and the decreased activation 
energy obtained from Arrhenius plot. Maximum conductivity anisotropy of 40 was observed 
in a concentrated semi-crystalline electrolyte P(EO)7LiI, in which the partial alignment of 
the PEO helices in the crystalline phase was believed to be responsible for the conductivity 
enhancement. 
 
 
Figure 2.22 Illustration of the electrolyte specimen for stretching experiments and the positions of 
elelectrodes (left); Schematics of crystalline structure of the PEO electrolyte before and after 
stretching (right), reproduced from ref.174 
 
Although the degree of longitudinal conductivity and anisotropy factor 
enhancement are moderate in these studies, the results provide valuable insights: ion 
conduction can be decoupled from polymer segmental motion, and the chain organization 
and long-range order are also critical to facilitate a fast ion transport.  
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2.6 Develop single ion conductors 
In most polymer/salt blend SPEs, the cations and anions are dissociated in the 
polymer and both species can move upon the external electric field and contribute to the 
measured ionic conductivity. During charge and discharge cycles, a concentration 
gradient of the anions would gradually build up, causing a decrease of current density of 
the battery. Therefore, increasing cation transference number by developing single ion 
conductors is important to improve the cycle life of the batteries. There are generally 
three approaches to develop single ion conductors:  
(i) Selection of salt with low lattice energy and immobile anions to facilitate salt 
dissociation and promote Li+ transport. Vallée et al. first reported the advantage of using 
large delocalized imide salt LiTFSI over other commonly used salt such as LiClO4182. 
Although this polymer/salt blend system is not an ideal single ion conductor, substantial 
improvement on the room temperature conductivity (4x10-5 S/cm) had achieved due to 
the enhanced charge carrier density. 
(ii) Blend of polyelectrolyte and ion-conductive polymer or oligomer. Bannister et 
al. first studied blends of PEO with two types of polyanionic addition polymers. Blend 
containing perfluoroalkylcarboxylate groups showed comparatively higher conductivity 
~10-5 S/cm at 100 °C133. Hardy et al. reported Na+ conductivity of 2x10-6 S/cm at 26 °C 
and 1x10-4 S/cm at 98 °C for a blend of PEG (Mw ~300) and sodium poly(styrene-
sulfonate)183. Very recently Doyle et al. reported a single ion conductor blend of linear 
poly(ethyleneimine)-g-poly(ethylene glycol) and linear poly(ethyleneimine) bearing 
lithium N-propylsulfonate groups and a room temperature conductivity of 4x10-4 S/cm 
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was observed184. The blending approach is advantageous of simple preparation, though 
attention needs to be paid on the compatibility of the polymers in order to avoid phase 
separation.  
(iii) Covalently immobilization of anion species onto the ion conducting polymer 
backbone. Copolymers consist of charge carrier containing block and ion conducting 
block are widely studied. For example, poly(alkali-metal methacrylate-co-
oligo(oxyethylene)methacrylate)134, 185, polyphosphazene sulfonates186,  siloxane comb 
polymers with pendant oligo-oxyethylene segments and sulfonate groups187, lithium 
siloxyaluminate polymers containing PEO side chains188-189. A few network polymers 
with –COOLi or –RFSO3Li covalently bonded onto the polymer backbone had been 
studied190-191. Other polyacrylate/polymethacrylate based network single ion conductors 
had also been reported but tedious synthesis steps were involved192. Homopolymer single 
ion conductors consist of both charge carrier and ion conductive species on the same 
backbone had also been reported193-194. However, low room temperature conductivities of 
10-7 ~10-8 S/cm had been reported in these systems due to insufficient ion dissociation. 
Substituting with large TFSI anions had shown ~ one order of magnitude improvement 
on the ionic conductivity, examples include lithium poly[(4-styrenesulfonyl) (TFSI-co-
methoxy-polyethylene glycol acrylate]195 and P(STFSILi)-b-PEO-b-P(STFSILi)135. On 
the other hand, considerable effects had been made recently in understanding the 
segmental dynamics and ion association of single ion conductors with precisely 
controlled structure by combining X-ray or neutron scattering, dielectric relaxation 
spectroscopy and molecular dynamics simulations90-97. 
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2.7 Summary 
In this chapter, a brief introduction of the history of polymer electrolyte was first 
described; the basics of ion conduction in PEO based SPEs was discussed and the state of 
art development of the current SPE systems was reviewed in details. Depending on the 
nature of the SPE system, the ion transport properties could be quite different (for 
example, BCP SPEs, nanocomposite SPEs compared with basic amorphous 
homopolymer SPEs). Although the ion conduction in polymers is strongly associated 
with chain dynamics, it is not a requisite for fast ion transport. Further understanding of 
the fundamentals of ion conduction mechanism in the current SPE systems is highly 
desirable. 
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CHAPTER 3:  MATERIALS AND METHODS 
3.1 Chemicals 
Natural flake graphite with an average lateral size of ~44 µm was kindly provided 
by Asbury Carbons, Inc. Hydrochloric acid (HCl) (37%), sulfuric acid (H2SO4) (95-
98%), potassium permanganate (KMnO4) (≥99.0%), sodium nitrate (NaNO3) (≥99.0%), 
hydrogen peroxide (H2O2) (35%), hydrazine hydrate (N2H4 · H2O) (50-60%), 1,2-
dichlorobenzene (DCB) (spectrophotometric grade, 99%), N, N’-Dimethylformamide 
(DMF) (anhydrous, 99.8%), pentyl acetate (99%), lithium perchlorate (LiClO4) (battery 
grade, dry, 99.99% trace metals basis), lithium  Bis (trifluoromethane)sulfonimide 
(LiTFSI) (99.95% trace metals basis), Lithium (foil, thickness 0.6mm, as rolled, 99.9%) 
and poly(ethylene oxide) (PEO) (average Mn ~ 300 kDa) were purchased from Sigma-
Aldrich. All chemicals were used as received, unless otherwise specified.  
Both LiClO4 and LiTFSI powders were heated in vacuum oven at 100 °C 
overnight right before use in order to remove moisture content. The solvent DMF was 
dried using 4Å molecular sieve for 10 min before use. Pentyl acetate was distilled and 
filtered through a 0.2 µm PTFE membrane before use. 
3.2 Methods 
3.2.1 Synthesis of graphene oxide (GO) 
Graphite oxide was synthesized using the modified Hummers method196-197. 
Graphite (1.0 g), NaNO3 (0.5 g), and KMnO4 (3.0 g) were loaded into a 50 ml flask and 
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cooled in an ice bath, followed by slow addition of 25 ml H2SO4 under stirring. The 
mixture was then heated to 35°C in an oil bath with continued stirring for 2 h. The 
product was poured into excess deionized (DI) water and cooled in ice bath. H2O2 was 
slowly added until no gas evolution was observed. The product was then filtered, washed 
with 5% HCl solution and DI water, and was subsequently dried in a vacuum oven at 
room temperature over one week. One or a-few-layer graphene oxide (GO) nanosheets 
were obtained by sonicating graphite oxide in DMF solution.   
3.2.2 Preparation of solution cast PEO SPEs 
PEO SPEs were prepared using a solution cast method. 500 mg PEO was first 
dissolved in 8 ml DMF in a glass vial at ~ 45 °C for 2 hrs. Then, lithium salt powder with 
desired O/Li molar ratio was added to the solution. The mixture was purged with N2 for 
10 min and sealed with parafilm. After N2 purge, the mixture was transferred to a 45 °C 
hot plate and continued stirring for 24 hrs to obtain a homogeneous solution. The solution 
was casted on PTFE petri dish and dried under vacuum at 45 °C for 5-7 days. Bubbles 
generation was avoided by carefully controlling the vacuum condition (keep the vacuum 
valve slightly open for the first two days to avoid rapid solvent evaporation and 
completely open for the rest of drying process). The total drying duration was determined 
by measuring SPEs dried at different time intervals using Thermogravimetric analysis 
(TGA). The weight loss profile of the SPE remained unchanged when drying time was 
above 5 days, indicating that this during was sufficient to remove the residue solvent or 
moisture. The resulting dry film was then transferred into a glovebox that purged with 
high purity Argon and stored at room temperature. 
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3.2.3 Preparation of GO/PEO nanocomposite and its SPEs 
GO/PEO nanocomposite SPEs were fabricated using as two-step solution casting 
method as illustrated in Figure 3.1 and the formulation used in this study is listed in the 
table. First 66.75 mg GO was sonicated in 5 ml DMF in a glass vial using a Branson 
Ultrasonic bath for 90 min to yield a uniform GO dispersion. The solution was then 
mixed with PEO solution (500 mg in 5 ml DMF) and stirred at 45 °C under nitrogen for 
10 hrs. LiClO4 (O/Li molar ratio = 12) was added and stirred for another 5 hrs before 
casting into films. The concentration of GO is fixed to be 10 wt% of the total weight of 
the nanocomposite SPE. 
 
 
Figure 3.1 Illustration of PEO/GO nanocomposite SPEs preparation. 
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3.2.4 PEO single crystals (PSCs) grown from dilute solution 
PEO single crystals were grown from solution via a self-seeding method198-204 as 
illustrated in Figure 3.2. 50 mg PEO (Mw ~ 300 kDa) was dissolved in 50 ml pentyl 
acetate at 80 °C for 10 min, and quenched to ~ −15 °C for 2 hrs to allow complete 
crystallization. The resulting PEO crystals were partially dissolved at appropriate seeding 
temperature (Ts) for 10 min to obtain crystal seeds. The seed solution was then brought to 
crystallization temperature (Tc = 20 °C) and isothermally crystallized for 1 day. Ts in this 
study was varied from 51 °C to 54 °C, and the resulting crystal size changes from 2 μm to 
50 μm.  
 
 
Figure 3.2 Temperature program of PEO single crystal growth from dilute solution using a self-
seeding method. 
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3.2.5 Preparation of PSC-SPEs 
To prepare PSC-SPEs, the single crystal suspension obtained using method 
described in section 3.2.4 was centrifuged at 3000 rpm for 3 min and washed for 4 times 
to remove uncrystallized polymers. The single crystal sediment was re-dispersed in a 
small amount of pentyl acetate, casted onto a PTFE petri dish, and slowly dried under 
vacuum at room temperature for 1 week to yield a uniform single crystal film with 
thickness ~10-20 µm. PEO single crystal SPEs were prepared by soaking the single 
crystal film in lithium salt pentyl acetate solutions for different time intervals. The SPE 
samples were dried under vacuum at room temperature for at least 5 days and weighed 
before and after to determine Li+ to [EO] molar ratio. The PSC-SPE preparation process 
is illustrated in Figure 3.3. 
 
 
Figure 3.3 Schematic illustration of preparation of PSC-SPEs from PEO single crystal solutions. 
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3.3 Characterization techniques 
3.3.1 Simultaneous 2D wide-angle X-ray diffraction (WAXD)/small-angle X-ray 
scattering (SAXS) 
Both WAXD and SAXS techniques are based on the principle of coherent 
scattering from the electron density fluctuation of the sample. In brief, WAXD mainly 
detects the atomic structure of crystals with the lattice spacing below 1-2 nm and the 
condition for diffraction obeys the following Bragg’s law: 
 2dsin nθ λ=   (3.1)                                 
Where an integer n is the order of diffraction, d is the lattice spacing, 2θ is the diffraction 
angle and λ is the X-ray wavelength. 
On the other hand, SAXS is recorded at very low angles (usually between 0.1 to 
10°) and therefore captures much larger features in the structure with a length scale of 1 
to 100 nm. The scattering vector q is correlated with d-spacing via Bragg’s law and is 
defined as: 
 
4  sinq π θ
λ
=
  (3.2) 
In this study, simultaneous 2D WAXD and SAXS experiments were performed 
using a Rigaku S-MAX 3000 SAXS system and instrument is shown in Figure 3.4. 
Similar setup has been used to study polymer crystallization and liquid crystalline block 
copolymers205-208. In this configuration, high energy X-ray beam is transmitted through a 
thin film sample (usually less than 1.5 nm for polymers), the main beam is blocked by a 
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beam stop while the scattered X-ray signals are collected onto a 2D detector. This is a 
powerful technique to probe the 3-dimensional structure and is especially useful for 
polymeric material with preferential orientations. The X-ray source is CuKα with a 
wavelength of 1.54Å. The incident beam is collimated by a 3-pinhole system and 
transmitted through the sample which is positioned between the X-ray source and the 
detector. An image plate with a 10 mm hole is placed in the chamber close to the sample 
holder where the x-ray diffracted at higher angles can be collected, while the SAXS 
patterns can be collected simultaneously using a 2D multi-wire area detector at a sample 
to detector distance of 1.5 meter. 
The data is processed using a Matlab-based Graphical User Interface (GUI) 
capable of azimuthal integration and background subtraction. Silver Behenate standard 
with q(001) = 0.1076Å-1 is used to calibrate the q vector of the SAXS and a glassy carbon 
standard is used for absolute intensity calibration. The d-spacing in WAXD is calibrated 
by silicone powder with d(111) = 3.1355 Å. In-situ WAXD/SAXS is also feasible using a 
Linkam high temperature control stage with +/- 0.1 °C precision.  
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Figure 3.4 Photographs of a Rigaku S-MAX 3000 SAXS system  
 
3.3.2 X-ray powder diffraction 
X-ray powder diffraction (XRD) experiments were conducted using a Siemens 
D500 diffractometer with a CuKα wavelength of 1.54 Å. Thin film samples were 
Collimated X-ray beam
(20 µm x 20 µm)
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prepared and were scanned from 5° to 40° at a rate of 0.03 °/s. The powder diffraction 
was operated under reflection mode in which the X-ray beam was focused on the sample 
surface at an angle θ and the X-ray that was reflected was received at 2θ and the intensity 
was read by the detector. This technique gives higher intensity as the scanning area is 
much bigger compared with the 2D WAXD in transmission mode, but it does not provide 
the crystal orientation information in a 3D space.  
3.3.3 Thermal analysis 
Thermal analysis techniques such as differential scanning calorimetry (DSC) 
provide valuable information on the thermal behaviors of the materials. DSC is a 
technique that measures the heat flow rate difference into a substance and a reference as a 
function of temperature, while both the sample and reference are subjected to a controlled 
temperature program. Since both the sample and the reference are maintained at nearly 
the same temperature throughout the experiment, any phase transitions such as melting, 
crystallization, glass transition or reactions such as oxidation that absorb or release heat 
will be reflected on the heating or cooling curves. For semicrystalline polymers, the mass 
fraction crystallinity can be calculated using the following equation: 
  
obs
f
f
H
Crystallinity
H °
∆
=
∆
  (3.3)            
Where ∆°  is heat of fusion of 100% crystalline polymer and ∆  is the 
experimentally measured heat of the fusion of the sample. 
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Two types of DSCs are available: power compensation and heat flux. Power 
compensation DSC is composed of two individual calorimeters for sample and reference. 
Both sample and reference are kept at the same temperature and the differential energy 
input is recorded as a function of program temperature. Heat flux DSC removes the 
thermocouple from the sample and uses a single furnace for both sample and reference; 
and the temperature difference (∆T) is recorded as a function of block (furnace) 
temperature. Theoretically both types can give identical results; while each has its own 
advantages and disadvantages. Heat flux DSC has a flat and more reproducible baseline 
while power compensation DSC is more accurate for heat of fusion calculation and 
isothermal measurements. 
A Perkin Elmer DSC7, which is a typical power compensation DSC, was used for 
measurements of melting temperature (Tm), crystallization temperature (Tc) and heat of 
fusion (∆H) in this study. For PEO based SPEs, sample preparation was carefully handled 
to avoid any moisture uptake due to their hydroscopic nature. Samples of 5~6 mg were 
hermetically sealed in 40 µl aluminum pans in the glovebox prior to measurements. 
Samples were heated / cooled at 10 °C/min under N2 if not specified. The DSC7 has a 
temperature range of -60 °C to 600 °C due to the limitation of the intracooler, therefore it 
is not able to measure the glass transition temperature (Tg) of PEO which exhibit a Tg 
around -65 °C.  
A Mettler Toledo DSC822e/400 connected with a liquid nitrogen cooler (heat flux 
type DSC) is used in this case for Tg measurements. Glass transition temperature for 
semicrystalline polymer is difficult to measure since it can be broad and sometimes 
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smeared out. Therefore a hysteresis method was employed here to determine the Tg of 
PEO and PEO-based SPEs. The samples were cooled from 0 °C to -100 °C at 1 °C/min 
and subsequently heated from -100 °C to 100 °C at 40 °C/min, Tg was taken as the 
temperature at half height of ∆Cp during the heating scan. 
 
 
Figure 3.5 Define the glass transition temperature from a DSC measurement209. 
 
3.3.4 Microscope 
Multiple microscopy techniques were employed in this study to better understand 
the materials morphology from micrometer scale down to nanometer scale. The 
techniques used include Optical Microscope, Transmission Electron Microscopy (TEM), 
Scanning Electron Microscopy (SEM), and Atomic Force Microscope (AFM). 
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Optical microscope images are collected using an Olympus BX-51 equipped with 
an Insight digital camera. Samples were typically prepared by spin coating onto a glass 
substrate. Phase contrast microscopy is suitable for observing polymer single crystals 
with large aspect ratio (usually a few microns in lateral direction and ~10 nm in thickness 
direction) that are grown from dilution solution. Polarized light microscopy (PLM) is 
useful to characterize spherulitic polymer crystals.   
Electron Microscopy (EM) is a powerful technique to characterize the 
microstructures with very high resolution compared with optical microscope. Electrons 
are accelerated at several tens or hundreds kV and focused with a series of 
electromagnetic lenses under high vacuum (10-4 to 10-13 mbar). When high energy 
coherent electron beam interacts with the specimen as it passes through, various signals 
are generated and can be collected for different analysis (as shown in Figure 3.6).  
 
 
Figure 3.6 Schematic of the interaction between incident electron beam and the specimen. 
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TEM detects the transmitted electron, therefore required the thickness of the 
specimen to be less than 100 nm. The transmitted electrons are focused to the back focal 
point below the objective lens; two types of images can be formed depending on the 
position of the objective aperture. Removal of all incoherently and coherently scattered 
electrons results in a bright field image; while blocking of all transmitted and 
incoherently scattered electrons gives a dark field image. The final magnified image can 
be collected onto either a phosphorescent screen or a CCD camera, which provides 
information on the internal structure of the transmitted specimen. TEM was performed on 
a JEOL JEM2100 microscope with an accelerating voltage of 200 kV in this study. 
Samples were drop-casted onto carbon coated nickel grids and dried overnight. Elemental 
analysis was conducted by an EDS detector attached to the TEM. 
In a SEM, electron beam with energy range from 0.2 keV to 40 keV bombards on 
the sample surface and interacts with the atoms at or near the sample surface. Secondary 
electrons are collected into the detector and high resolution images of the surface can be 
produced. SEM was performed using a Zeiss Supra 50VP to determine the cross-section 
morphology of PEO single crystal films in this study. The films were cryo-fractured, 
vacuum dried, and sputtered with platinum for 20 s before testing.  
Other than TEM or SEM, which is commonly used for imaging nanostructure 
with ~ 100,000 x or higher magnification, AFM can provide more accurate information 
on the depth profile of the surface features with nanometer scale resolution. AFM 
experiments were conducted using a Nanoscope IIIa (Digital Instruments/Veeco) tapping 
mode AFM at 0.5 Hz scanning frequency in this study. 
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3.3.5 Electrochemical Impedance Spectroscopy (EIS) 
3.3.5.1 A.C. Ionic conductivity measurement  
Room temperature ionic conductivities were measured in Argon purged glovebox 
using custom-made cells connected to a Princeton Applied Research Parstat 2273 
Potentiostat. In-plane conductivity σ// was measured using a four-parallel-electrode 
method with two outer working electrodes and two inner sensing electrodes lying on the 
same side of the sample as shown in Figure 3.7. The a.c. impedance spectroscopy was 
collected from 0.1 Hz to 1 MHz at 500 mV. Ionic conductivity was calculated using the 
following equation: 
 / /
L
w t R
σ =
× ×
  (3.4) 
Where L is the distance between two inner sensing electrodes and is 2.5 mm in 
this study; w and t are the width and thickness of the sample, respectively. The bulk 
resistance of the electrolyte R is determined from the low frequency plateau in the Bode 
plot of real impedance z as a function of frequency (the result is indistinguishable with 
that obtained from the semicircle fit method in Nyquist plot).  
Through-plane conductivity σ⊥ was measured using a two-electrode setup with the 
sample film sandwiched between two stainless steel electrodes. The ac impedance 
spectroscopy was collected from 0.1 Hz to 1 MHz at 10 mV. The conductivity was 
calculated using the following equation: 
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L
R A
σ ⊥ = ×
  (3.5) 
Where L is the sample thickness, the typical electrolyte membrane thickness in 
this thesis range from 10 μm to 150 μm; A is the area of the electrode and is 0.367 cm2 
for the setup used in this study. The bulk resistance R is read as the intersection of the 
semicircle fit with axis of real impedance part in the Nyquist plot (also consistent with 
the result obtained from the high frequency plateau in the real impedance plot).  
The actual experimental setups of these two configurations are shown in Figure 
3.7. Two to five measurements were performed for each sample and experimental error 
was within a few percentage of the mean value. Temperature-dependent ionic 
conductivity was performed using a Mettler Toledo hot stage with a temperature accuracy 
of less than 0.1°C. 
 
 
Figure 3.7 Schematic and photographs of 4-parallel-electrode and 2-electrode setups for ionic 
conductivity measurements. 
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3.3.5.2 Lithium transference number measurement 
Lithium transference number is defined as the fraction of current across a 
reference plane that is carried by the lithium cation or cation containing species and can 
be expressed as below210: 
 
i i
t
i i i
+ +
+
+ −
= =
+
  (3.6) 
Where i+, i- are the partial currents carried by cation and anion constituents 
respectively, and i is the total current. In this study, lithium transference number was 
measured using an electrochemical method first developed by Vincent and Bruce211-213. A 
symmetrical Li | polymer electrolyte | Li cell (as shown in Figure 3.8) was polarized by a 
small, constant potential across the electrodes and the response of cell current was 
monitored until a steady state current was reached. A typical current response as a 
function of time is shown in Figure 3.9a. The initial current drop is due to I) the 
concentration gradient that is established to stop the net motion of the anion constituents; 
II) the potential reduction at the electrode/electrolyte interface due to a passivating layer 
formation.  
 
 
Figure 3.8 Schematics of the cell assembly for lithium transference number measurement.  
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The a.c. impedance was measured before and after the d.c. polarization in order to 
determine the change of the electrode resistance. Typical a.c. impedance plot is shown in 
Figure 3.9b and can be modeled by the equivalent circuit in the inset. R1 and C1 are 
related to the passivating layer formation at the electrode/electrolyte interface while R2 is 
the bulk resistance of the electrolyte. 
 
 
Figure 3.9 (a) A typical current profile under 10 mV polarization potential, adopted from ref.214; 
(b) A typical a.c. impedance plot of a symmetric Li | polymer electrolyte | Li cell, inset is the 
equivalent circuit. 
 
The lithium transference number can be calculated using the following equation, a 
different nomenclature from Vincent and Bruce’s original paper is used here for better 
illustration: 
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The equation is further modified by Abraham et al.215 to include the change of 
electrolyte resistance and is expressed as follows: 
 
0
0
0
0
s
s e i
s
e s i
I R V I R
t
I R V I R+
 ∆ −
=  ∆ − 
  (3.8)                                                                                                                            
I0 ― Initial current; 
Is ― steady state current; 
ΔV ― potential across the electrodes 
Re0 ― initial resistance of the electrolyte; 
Res ― steady state resistance of the electrolyte; 
Ri0 ― initial resistance of the passivating layers at the Li electrode/electrolyte interface; 
Ris ― steady state resistance of the passivating layers on the Li electrode/electrolyte 
interface. 
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CHAPTER 4:  ION TRANSPORT IN SEMICRYSTALLINE PEO SPES 
PREPARED VIA SOLUTION CASTING METHOD 
4.1 Introduction 
In semicrystalline PEO SPEs, the crystalline PEO lamellae act as impermeable 
barrier that dispersed in the amorphous conducting matrix. Therefore, the ion transport in 
this case largely relies on the continuity of the amorphous phase, which is sensitive to the 
thermal history and crystalline morphology (for example, crystallinity, crystallite size, 
crystalline lamellae thickness and orientation.) Creating continuous amorphous ion 
conducting channels by controlling the crystalline morphology is critical to obtain 
considerable room temperature ionic conductivity.  
In this chapter, a semi-crystalline PEO SPE containing LiClO4 salt was prepared 
via a controlled solution casting method. During the slow solvent evaporation process, 
the PEO crystallized into flat on lamellae with chain preferentially aligned parallel to the 
film normal. Moderate degree of crystal orientation was observed, which led to ~10 fold 
difference between the conductivity measured along and perpendicular to the crystal 
surface. The results suggest that the tortuosity effect on ion conduction due to PEO 
crystal orientation is not trivial and the ion conduction is favored along the PEO crystal 
surface. 
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4.2 Preparation of solution cast PEO SPEs 
PEO with a number averaged Mw ~ 300 kDa was chosen in this study in order to 
maintain sufficient mechanical integrity of the SPE. This molecular weight is 
significantly higher than the critical Mw of 3.2 kDa, above which the chain end effect is 
negligible and the cation mobility is independent on PEO Mw. lithium perchlorate 
(LiClO4) was selected as a prototype salt due to its thermal stability, electrochemical 
stability, and high ionic conductivity at elevated temperatures101. More importantly, the 
phase diagram of PEO-LiClO4 electrolyte has been well established and less complicated 
compared with some other Li salt systems, which allows more comprehensive study of 
crystallization effect on ion conduction in semicrystalline SPEs111. O/Li molar ratio was 
fixed to be 12, at which ratio the PEO-LiClO4 electrolyte shows a conductivity maximum 
at both room temperature111 and elevated temperatures62. The SPE is denoted as 
P(EO)12:LiClO4. 
To prepare P(EO)12:LiClO4 SPEs with controlled crystal orientation, a slow 
solvent evaporation method was used, detailed in section 3.2.2. In brief, PEO (300 kDa) 
and LiClO4 with desired stoichiometry were dissolved in anhydrous DMF solvent. The 
solution was poured into a petri dish and underwent slow evaporation over a period of 5-
7 days at 45 °C. The resultant SPE membranes have an average thickness of ~ 100 to 200 
µm. The drying temperature and duration were carefully selected not only to completely 
remove solvent and moisture but also to avoid the formation of PEO6:LiClO4 crystalline 
complex phase which forms at much longer annealing time. The membrane was then 
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transferred into an Argon purged glovebox and stored at room temperature for 1 week 
before EIS measurements. 
4.3 Ionic conductivity of solution cast PEO SPE 
Ionic conductivity was measured in a dry Argon filled glove box using home-
build cell that fits in a Mettler-Toledo hot stage, which allows in-situ conductivity 
measurement with a temperature control better than 0.1 °C. Ionic conductivities were 
measured along two directions, namely in-plane σ// (along the film surface) and through-
plane σ⊥ (along the film normal), and the setups for each configuration is described in 
details in section 3.3.5. Room temperature conductivities were first measured and the 
measurements were repeated using 3 fresh made samples.  
The two-parallel-electrode configuration for through-plane ionic conductivity 
measurement is most commonly used in solid electrolyte research (Figure 4.1a). The 
Nyquist plot (Imaginary impedance vs. real impedance) for a typical polymer electrolyte 
measured between two ion-blocking electrodes is featured by a single semicircle at high 
frequency range with a slanted line at the low frequency range76 as shown in Figure 4.1b, 
which can be modeled by an equivalent circuit of a constant phase element of the 
electrode/electrolyte interfaces (CPEint) in series with a parallel combination of 
electrolyte resistance and pseudo-capacitance (CPEel)125 (Figure 4.1c). In semicrystalline 
PEO SPEs, depressed semicircle instead of a perfect semicircle was often observed due to 
the inhomogeneity of the electrolyte and have be fitted into much complicated equivalent 
circuit65, 216. 
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Figure 4.1(a) Schematic of an a.c. impedance measurement using two-parallel-electrode 
configuration; (b) Nyquist plot of a typical polymer electrolyte measured between two Pt 
electrodes. Rb represents the bulk resistance of the electrolyte sample; (c) The corresponding 
equivalent circuit model. Figure (a) and (b) are reproduced from ref.76  
 
The Nquist plot (Imaginary impedance vs. real impedance) and Bode plot (Real 
impedance vs. frequency) of as cast P(EO)12:LiClO4 measured from through-plane 
direction at room temperature are shown in Figure 4.2. Nyquist plot exhibits a single 
semi-circle that is slightly deformed at high frequency and a slanted spur at low 
frequency, which is commonly found in semicrystalline SPEs; while an impedance 
plateau in the medium frequency range is shown in the Bode plot. In this case, the bulk 
resistance of the electrolyte was calculated as the intersection at x-axis of the fitted 
semicircle at high frequency side, which is consistent with the resistance read from the 
plateau between 10-100 Hz in the Bode plot. 
(a) (b)
CPEel
CPEint
Rb
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Figure 4.2 (a) Nyquist plot (black line represents the fitted semi-circle) and (b) Bode plot of as 
cast P(EO)12:LiClO4 SPE, measured from through-plane direction at room temperature.  
 
In-plane configuration using a 4-parallel-electrode setup under a small a.c. 
perturbation is not common but has been reported by a limited number of studies. Zhou et 
al. had used a standard four-electrode method to measure the in-plane ionic conductivity 
of a hot pressed PEO-LiCF3SO3 electrolyte217. Two inner wires were used as working 
sensor and reference electrodes while the outer working and counter electrodes were 
made of stainless steel sheets. A custom made 4-electrode PTFE coated stainless steel 
cell had been employed by Elabd and co-workers to study the ionic conductivity of 
polymerized ionic liquids (PIL) block copolymers218-222. However, no detailed 
information on the interpretation of the impedance plots was provided in these studies.  
In the present work, Nyquist and Bode plot of as cast P(EO)12:LiClO4 measured 
from in-plane direction at room temperature (shown in Figure 4.3) are quite different 
from that of through-plane measurements. The Nyquist plot shows a distorted semicircle 
with absence of the slanted spur; while the impedance plateau moves to much lower 
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frequency in the Bode plot. The impedance spectrum difference between these two 
configurations can be attributed to the electrode geometry and sample dimensions. The 
absence of the spike in the in-plane Nyquist plot is likely due to the small contact area 
between the sensing Pt wire electrodes and the electrolyte sample that reduces the EDL 
effect. Nevertheless, the electrolyte bulk resistance in this configuration is read from 
either the intersection of the semi-circle fit with axis of real impedance part in the 
Nyquist plot or the low frequency plateau in the real impedance plot. No major errors 
have been found in the measurement results due to the difference in the electrode 
configurations as the conductivity values for isotropic SPEs measured from in-plane and 
through-plane directions is minimum (will be covered in the following discussion). 
 
 
Figure 4.3 (a) Nyquist plot and (b) Bode plot of as cast P(EO)12:LiClO4 SPE, measured from in-
plane direction at room temperature.  
 
 
 
Figure 4.4 shows both in-plane and through-plane ionic conductivity (σ//, σ⊥) 
during the first heating scan at 1 °C/min for the as cast P(EO)12LiClO4 electrolyte film 
(open square and triangle). To quantitatively analyze the data, we introduce the 
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conductivity anisotropy factor σ// σ⊥ , which is defined as the ratio between in-plane and 
through-plane ionic conductivity of the sample, and it is also plotted in Figure 4.4 (black 
solid squares). Both σ// and σ⊥ increase with increasing temperature and exhibit a 
conductivity “knee” around 60 °C which is characteristic of the melting of PEO crystals. 
  
 
Figure 4.4 Temperature dependent ionic conductivity for solution cast P(EO)12:LiClO4 SPEs that 
stored at room temperature for 10 days. All curves represent first heating scans from room 
temperature to 100 °C. 
 
At temperatures below Tm of PEO, σ// appears consistently greater than σ⊥ and the 
anisotropy factor reaches ~ 10 at room temperature. This moderate conductivity 
anisotropy indicates that PEO crystallization should play a role and it is postulated that 
the anisotropic conductivity arises from PEO crystal orientation. The anisotropy factor 
remains at a relatively constant value of ~ 1.2 above 60 °C, where PEO is a homogeneous 
melt and the ion conduction is isotropic along all directions. The 1.2 fold difference 
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between in-plane and through-plane conductivity can be ascribed to the electrode setup 
difference as the lead and contact resistance need to be taken into account in the through-
plane setup while they can be eliminated in the in-plane configuration. However, the 
setup difference can be considered as insignificant and the 10 times conductivity 
anisotropy observed at room temperature mush origin from the unique structure of the 
semicrystalline PEO SPE. 
4.4 Correlating conductivity anisotropy with PEO crystalline morphology 
Morphological characterizations of as cast P(EO)12:LiClO4 were conducted in 
order to better understand the cause of the observed ionic conductivity anisotropy. Figure 
4.5 shows the crystalline morphology of both as cast PEO without lithium salt doping and 
P(EO)12:LiClO4 SPE under polarized light microscope. The microscope image reveals 
that P(EO)12:LiClO4 SPE crystallizes into spherulite but with a less regular shape and 
coarsened structures at the spherulite interiors and boundaries as a result of strong PEO-
Li interactions during the crystallization process (Figure 4.5 b).  
 
 
Figure 4.5 Polarized light microscopy images of (a) pure PEO film without salt doping; (b) 
P(EO)12:LiClO4 SPE. Samples for microscope observation were prepared by solution casting a 
(a) (b)
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small amount of DMF solution onto glass slide and drying at 45 °C overnight prior to 
measurements. Scale bar is 50 µm. 
 
2D WAXD provides more detailed information on the crystal structure and 
orientation of the electrolyte membrane. For a thin film electrolyte as illustrated in Figure 
4.6, z-axis is the film normal and is defined as through-plane direction; and x or y-axis is 
defined as in-plane direction. WAXD patterns were measured from two directions: in-
plane (x-ray beam parallel to x-y plane) and through-plane (x-ray beam parallel to z-axis) 
and are displayed in Figure 4.6. At room temperature, PEO electrolyte film does show 
noticeable preferred orientation, as indicated by a pair of equatorial PEO (120) arcs from 
the in-plane WAXD pattern. Only isotropic (120) ring is observed from the through-plane 
pattern, suggesting the c-axis of the polymer chain is preferentially aligned perpendicular 
to the film surface. The azimuthal profiles of the (120) plane for both in-plane and 
through-plane measurements at room temperature are shown in Figure 4.7a. The 
Herman’s orientation factor of PEO (120) plane f120 is calculated to be ~ 0.35 from in-
plane direction using the following equations: 
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For PEO (120) plane, θ is defined as the angle between (120) plane normal and 
the membrane surface plane. At 100 °C, the polymer is in its molten state and the 
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polymer chains are all randomly oriented, as suggested by the isotropic rings in 2D 
WAXD patterns in Figure 4.6 and the flat Azimuthal profiles curves integrated between 
17 and 20° of 2θ from both in-plane and through-plane directions (Figure 4.7b). 
 
 
Figure 4.6 2D WAXD patterns of as cast P(EO)12:LiClO4 from both in-plane and through-plane 
directions at room temperature and 100 °C. Schematic shows the PEO lamellae orientation within 
the SPE film. 
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Figure 4.7 (a) Azimuthal profiles of PEO (120) reflections from in plane (black) and through 
plane (red) directions at room temperature; (b) Azimuthal profiles of the ring between 2θ of 17° 
to 20° at 100 °C. 
 
Azimuthal integrations of 2D WAXD patterns from both in-plane and through-
plane directions at room temperature show identical diffraction peak positions that are 
characteristic of PEO monoclinic crystal structure (Figure 4.8). The peak at 2θ = 19.15° 
refers to reflection from PEO (120) plane; and the peak at 2θ = 23.3° can be assigned to 
the overlapping reflections from PEO (032), (132!, (112), (212! planes223. Meanwhile 
four peaks at 2θ = 10.3°, 16.6°, 14.9°, 22.4° that are characteristic of PEO6:LiClO4 
crystalline complex are absent111. Since the crystallization kinetics of PEO6:LiClO4 
crystalline complex is very slow, only crystalline PEO and amorphous PEO-lithium 
phases co-exist in the as cast P(EO)12:LiClO4 SPE during the time frame of any 
measurements.  
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Figure 4.8 Integrations of 2D WAXD patterns from in plane (black) and through plane (red) 
directions at room temperature for as cast P(EO)12:LiClO4 SPE. 
 
The consequent cooling scans of conductivity measurements at 1 °C/min 
immediately after the first heating for P(EO)12:LiClO4 SPEs from both in-plane and 
through-plane directions are shown in Figure 4.9a. The in-plane and through-plane 
cooling curves overlap and both show a sharp conductivity drop at around 35 °C, which 
corresponds to the onset of PEO crystallization upon cooling. During the relatively fast 
melt crystallization process, the PEO crystals tend to grow in a more random way since 
there is no confinement on the crystallization, as confirmed by the isotropic PEO (120) 
rings from both in-plane and through-plane WAXD patterns shown in Figure 4.9b. The 
isotropic structure is consistent with the overlapping of in-plane and through-plane 
conductivity curves during the cooling scan and it further confirms the hypothesis that the 
anisotropy observed at room temperature from the first heating scan arises from crystal 
orientation. 
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Figure 4.9 (a) Subsequential cooling scan at 1 °C/min for solution cast P(EO)12:LiClO4 SPEs right 
after the first heating scan; (b) 2D WAXD patterns of P(EO)12:LiClO4 SPEs measured at 30 °C 
from in plane (top) and through-plane direction (bottom), data were collected right after samples 
were cooled from 100 °C to 30 °C. 
 
4.5 Discussion 
The 2D WAXD combined with conductivity measurements along two orthogonal 
directions suggests there is a strong correlation between PEO crystal orientation and ion 
conduction. At low temperature, PEO lamellae surface preferentially aligned parallel to 
the membrane surface; such orientation significantly affects σ⊥, because ions cannot 
transport through lamellar crystals and it took more tortuous pathway for the ions to 
diffuse from one electrode to the other through the membrane, while the ion conducting 
path along the in-plane direction is less impacted (as illustrated in Figure 4.10). 
If one considers the semicrystalline PEO SPE at the room temperature as a 
classical two-phase model consisting amorphous conducting and crystalline insulating 
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phase, the morphology of the sample largely mimics many other types of solid 
electrolytes including block copolymer films22, 38-40, 43, porous polyolefins224-225, 
holography directed SPEs132, etc. For example, by synthesizing BCPs consisting of PEO 
and a high modulus segment (such as polystyrene, PS), it has been demonstrated that 
exploiting BCP phase separation at ~10-100 nanometer scales, ionic conducting channels 
can be formed in the PEO domains, while PS provides high modulus of the film. The 
present experiment demonstrate that one can treat the crystalline domain as the load 
bearing component (mimicking PS) while the amorphous domains provide ion 
conducting channels. Further, tailoring lamellar structure can further tune ion conducting 
path. Carefully designed structure can therefore lead to mechanically robust film without 
significantly sacrificing ion conductivity.  
 
 
Figure 4.10 Schematic illustration of ion transport along and across PEO crystalline lamellae. 
 
4.6 Summary 
In this chapter, a P(EO)12:LiClO4 SPE had been prepared using a controlled 
solution casting method. During the slow solvent evaporation process, polymer chains 
tend to partially orient with the normal of PEO (120) plane parallel to the film surface. 
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The moderate crystal orientation results in anisotropic ionic conductivity at room 
temperature with σ// nearly 10 times higher than σ⊥. The conductivity anisotropy is absent 
once the SPEs were cooled from melts to room temperature at 1 °C/min. The structure-
conductivity correlation observed in this chapter clearly suggests that the crystal 
orientation is one of the key factors to affect the overall room temperature conductivity. 
The two-phase semi-crystalline PEO based SPEs are morphologically similar to BCP 
system. The closely packed PEO crystalline lamellae provide adequate mechanical 
support and can act as templates to direct ion transport in the inter-lamellae amorphous 
regions. The ion conducting channel is expected to be optimized if the PEO crystal 
orientation can be further improved. And further effort will be focused on controlling the 
PEO crystalline morphology in order to enhance conductivity anisotropy. 
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CHAPTER 5:  ENHANCED CONDUCTIVITY ANISOTROPY IN A 
NANOCOMPOSITE ELECTROLYTE 
5.1 Introduction 
In our preliminary approach discussed in Chapter 4, only moderate crystal 
orientation (f120 = ~ 0.35) was achieved simply by slow solvent evaporation, it is 
speculated that the conducting channel can be further optimized if the degree of PEO 
crystal orientation can be improved. Several strategies have been previously used to 
control PEO crystal orientation by imposing a geometric confinement to the 
crystallization, including PEO based block copolymer and nanolayered polymer blends 
with one PEO containing phase. Zhu et al. investigated the confined PEO crystallization 
in a shear-aligned poly(ethylene oxide)-block-polystyrene (PEO-b-PS) diblock 
copolymer with lamellar morphology231-232. The study had shown that when the BCP 
crystallized at temperatures above 35 °C, PEO block adopted a homeotropic crystal 
orientation (crystal normal is parallel to the lamellae normal) within one-dimensionally 
confined lamellae spacing less than 10 nm.  
Similarly, Baer and coworkers had developed a layer-multiplying coextrusion 
method to obtain thousands of alternating polymer nanolayers with PEO as one phase and 
a glassy polymer as the second phase. And the method was demonstrated to be 
successfully in several systems, such as poly(ethylene-co-acrylic acid) (EAA)/PEO 
blends233 and polystyrene (PS)/PEO blends234-235. When the thickness of PEO layer was 
reduced to be below 25 nm, PEO crystallized as single lamellae with a large aspect ratio. 
This idea was initially aimed at inhibiting small gas molecule permeation and improving 
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the barrier properties of the film, but the same concept would also be applied to the case 
of polymer electrolyte, where the ions can be treated as small molecules that diffuse 
through the amorphous matrix and the lamellae crystals that oriented perpendicular to the 
diffusion direct would impose a much tortuous pathway.  
In this chapter, a nanocomposite approach has been explored in order to achieve 
higher degree of structural and conductivity anisotropy. Two dimensional Graphene 
oxide (GO) nanosheets, which is a derivative of graphene, is ideal to be used as the 
nanofiller due to its high aspect ratio, high young’s modulus and ability to be dispersed in 
common organic solvents. In addition, relatively large quantity of single or a few layer 
GO nanosheets can be easily obtained through a well-known oxidation-reduction reaction 
from natural abundant graphite196, 226-230. The purpose of introducing GO nanosheets into 
PEO matrix is two-fold: Firstly, GO nanosheet itself can act as an impermeable barrier to 
confine the ion transport. Secondly, aligned GO nanosheets can be used to template PEO 
crystal orientation, which further directs the ion conducting channels.  
Compared with the BCP approach, in which case the phase-separated morphology 
is dependent on the volume fraction of each block and external shear force is required to 
obtain the long range alignment, the advantage of using 2D GO nanofiller is that the 
morphology is less dependent on the composition and a wide range of PEO molecular 
weights and GO fraction can be used to fabricate the nanocomposite SPEs. And 
compared with PEO/glassy polymer multilayer co-extrusion, the processing of GO/PEO 
nanocomposite is relatively simple and the GO can be easily aligned during the 
deposition process. 
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GO/PEO nanocomposite SPEs were prepared using a similar slow solvent 
evaporation method as described in Chapter 3. GO nanosheets are readily aligned parallel 
to the film surface under controlled evaporation condition and the confinement of GO at 
nanoscale has demonstrated significantly enhancement of PEO crystal orientation 
compared with previous discussed solution cast PEO SPEs. The conductivity anisotropy 
is correlated with the nanocomposite morphology and the results are compared with those 
of the semicrystalline PEO SPEs discussed in Chapter 4. 
5.2 Preparation and characterization of GO/PEO nanocomposite electrolyte 
Graphene oxide was synthesized by the oxidation of natural flake graphite using a 
modified Hummer’s method236 followed by exfoliation through sonication in solvent. A 
schematic chemical structure of graphite oxide is shown in Figure 5.1a and it is consists 
of stacks of graphene oxide layers. The d-spacing of (001) plane increases from 0.34 nm 
for graphite to 0.96 nm for graphite oxide based on XRD result (Figure 5.1 b). C/O molar 
ratio of 1.3 for graphite oxide was determined by elemental analysis and Karl Fischer 
Coulometry. The results indicate a disruption of the sp2 conjugated carbon structure and 
the incorporation of additional oxygen containing functional groups after oxidation. 
Graphite oxide can be easily dispersed in aqueous and a selected number of commonly 
used organic solvent such as DMF to yield exfoliated single or a few layer GO 
nanosheets. TEM micrograph of exfoliated GO sheets is shown in Figure 5.1 c. 
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Figure 5.1 (a) Schematics of the graphite oxide structure, modified from ref 237; (b) X-ray powder 
diffraction of GO and graphite; (c) TEM image of exfoliated GO nanosheets. 
 
The concentration of GO directly affects the nanocomposite membrane’s structure 
anisotropy, and therefore the ionic conductivity. The criteria to determine the 
concentration of GO in the final SPE is: (i) the GO concentration is sufficient to impose  
a nanoconfinement in order to restrict PEO crystal orientation; (ii) No significant 
nanoparticles aggregation; (iii) PEO should remain the major phase in the nanocomposite 
so that the effective conducting phase is not significantly reduced.  
A series of GO/PEO nanocomposites were first prepared using a solution 
blending method as described in Chapter 3. Figure 5.2 shows the 2D in-plane WAXD 
patterns of a series of GO/PEO nanocomposites with and without lithium salt doping. For 
GO/PEO nanocomposite without lithium salt, the degree of PEO crystal orientation 
gradually increases with increasing GO content as the PEO (120) diffraction pattern 
changes from isotropic ring to highly anisotropic arcs from 0 to 10 wt%, and the 
Herman’s orientation factor f120 increases and reaches a plateau of ~ 0.8 above 5 wt% of 
GO content. The addition of lithium salt results in a decrease of PEO crystallinity as more 
amorphous scatterings between the crystalline rings are observed in Figure 5.2e and f. 
5 10 15 20 25 30 35 40 45 50
Graphite
in
te
n
si
ty
 
(a.
 
u
.
)
2 theta (°)
GO
 
(b)
200 nm
(c)(a)
88 
 
And the degree of PEO orientation for the nanocomposite SPEs slightly decreases 
compared with nanocomposite without salt doping possibly due to the interference of 
lithium salt with the polymer chain during the solution casting process. The highest 
degree of PEO orientation in the nanocomposite SPEs is obtained at 10wt% GO content 
and the Herman’s orientation factor at this composition is calculated to be 0.64.  
 
 
Figure 5.2 2D WAXD patterns of (a-d) GO/PEO nanocomposites without lithium salt at 0, 1, 5, 
10 wt% of GO content, respectively. (e) and (f) nanocomposite doped with LiClO4 (O/Li molar 
ratio of 12) at 5, 10 wt% GO content of total SPE weight, respectively. The WAXD patterns were 
collected from in-plane direction. 
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The PEO orientation factor f120 remains 0.64 when further increasing GO 
concentration, while the fraction of effective conducting phase comprised. Therefore, the 
optimal GO concentration was fixed at 10wt% of the total SPE weight. PEO molecular 
weight 300 kDa and O/Li molar ratio of 12:1 was used based on the criteria described in 
Chapter 4. The nanocomposite was fabricated by a two-step method as described in 
Chapter 3. The mixture was solvent casted and slowly dried in 45 °C oven for 5-7 days to 
allow complete solvent removal, resulting a uniform nanocomposite thin film with an 
average thickness of 100 to 200 µm. The nanocomposite SPE is denoted as 10wt% GO-
P(EO)12:LiClO4 SPEs. 
5.3 Structure and ionic conductivity correlation of nanocomposite SPEs 
Temperature dependence of σ// and σ⊥ for 10wt% GO-P(EO)12:LiClO4 was first 
investigated. The first heating curves at 1 °C/min for as cast 10wt% GO-P(EO)12:LiClO4 
SPEs that stored at room temperature for 10 days are shown in Figure 5.3; the first 
heating scans of as cast P(EO)12:LiClO4 are also plotted for comparison. Each curve was 
repeated three times and the standard deviations are shown in Figure 5.3b. Three major 
features have been observed for these temperature dependent ionic conductivities: (i) in 
the low temperature region, the in/through plane conductivity difference of 
nanocomposite SPEs becomes more prominent than of solution cast PEO SPE and an 
anisotropy factor (σ///σ⊥) as high as 70 is observed at room temperature; (ii) σ// for GO-
containing samples is nearly one order of magnitude higher than that of the solution cast 
PEO SPE while the σ⊥ values for both SPEs are similar at room temperature; (iii) In the 
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high temperature region, σ// curves for samples with and without GO are almost 
superimposed while σ⊥ for GO-containing sample is noticeable lower. 
  
 
 
Figure 5.3 (a) Illustration of in-plane and through-plane directions of the as cast sample film; (b) 
Temperature dependent ionic conductivity for as cast SPEs that stored at room temperature for 10 
days. All curves represent first heating scans from room temperature to 100 °C at 1 °C /min. 
 
�� 
In plane 
direction
z ≡
x
y
As cast film
Through plane 
direction
(a)
2.6 2.8 3.0 3.2 3.4 3.610
-9
10-7
10-5
10-3
 PEO in-plane
 PEO through-plane
 Nanocomposite in-plane
 Nanocomposite through-plane
σ
 (S
/c
m
)
1000/T (K-1)
120 100 80 60 40 20
 Temperature (°C)
V
V
Through plane 
conductivity
I IV V
In plane conductivity
(b)
91 
 
The conductivity anisotropy factor as a function of temperature and the in-plane 
and through-plane WAXD patterns of as cast 10wt% GO-P(EO)12:LiClO4 SPE are shown 
in Figure 5.4. At room temperature, the strong meridional scattering at low angle in the 
in-plane WAXD pattern suggests that the surface of the 2D GO nanoplatelets are oriented 
parallel to membrane surface and Herman’s factor f001 was calculated to be -0.34 using 
equation 4.1 and 4.2 (in this case θ is defined as the angle between GO (001) plane 
normal and membrane surface). PEO crystal shows strong equatorial (120) diffraction 
with Herman’s factor f120 of 0.64.  
 
 
Figure 5.4 Conductivity anisotropy as a function of temperature for GO/PEO nanocomposite 
SPEs with the corresponding 2D WAXD patterns from both in-plane and through-plane 
directions at room temperature and 100 °C. 
 
Both highly oriented GO nanoplatelets and PEO crystals are responsible for the 
enhanced conductivity anisotropy at room temperature. At high temperature, the PEO 
phase is in the molten state as suggested by the isotropic ring in the 2D WAXD pattern 
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from both in-plane and through-plane direction, the conductivity anisotropy of 4 observed 
at 100 °C can be attributed to GO orientation as the strong low angle meridional 
scattering from GO is retained at high temperature. The conducting mechanism is 
illustrated in Figure 5.5. 
 
 
Figure 5.5 Illustration of the crystalline structure change of PEO (top) and GO/PEO 
nanocomoposite (bottom) SPEs from room temperature (left) to 100 °C (right).  
 
To further understand the absolute conductivity difference between as cast PEO 
and nanocomposite SPEs at room temperature, the crystallization behavior was studied 
by DSC non-isothermal and isothermal scans. The non-isothermal scan from first heating 
of as cast SPEs stored at room temperature for 10 days are shown in Figure 5.6. Both 
SPEs exhibit very broad melting peaks and even shoulders, which indicates a broad 
distribution of PEO lamellae thickness as a result of the strong PEO-Li interactions 
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during the crystallization process. The nanocomposite SPE has a lower melting 
temperature (54 °C of the peak position compared with 62 °C for as cast PEO SPE) and 
reduced crystallinity (18.79% compared with 28.68% for as cast PEO SPE), suggesting a 
suppression of crystallization in the presence of GO nanoplatelets. 
 
 
Figure 5.6 DSC first heating scans for as cast PEO and nanocomoposite electrolytes stored at 
room temperature for 10 days. 
 
Isothermal crystallization measurements were further performed to investigate the 
crystallization kinetics. The nanocomposite and PEO films without salt doping were 
isothermally crystallized at 30 °C for 10 minutes and have been used as a control study. A 
lower isothermal crystallization temperature of 28 °C was selected for both SPE samples 
in this study since the crystallization kinetics of all SPE samples was significantly slower 
and a well-defined isothermal crystallization peak could not be obtained when the SPEs 
were crystallized at 30 °C. The isothermal crystallization curves are plotted in Figure 5.7. 
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Here t0.05 and t1/2 are defined as the time taken to reach 5% and 50% of the final 
crystallinity, respectively and the values are listed in table 5.1. Two different trends have 
been observed: (i) for the systems without lithium salt doping, t1/2 decreases from 0.21 
min for pure PEO film to 0.12 min for the nanocomposite, suggesting the crystallization 
kinetics is faster in the nanocomposite case. This is reasonable since the GO nanosheets 
act as heterogeneous nuclei that template the PEO crystallization; (ii) interestingly, 
opposite trend has been observed in the case of nanocomposite and as cast PEO SPEs. 
The nanocomposite SPE has a slower crystallization kinetics compared with PEO SPEs, 
and it is consistent with the reduced crystallinity shown in Figure 5.6.  
The retardation of PEO crystallization in multi-phase systems is not unusual. 
Similar phenomenon had been observed in a PEO nanocomposite containing lithium 
dodecyl sulfate (LDS) stabilized single wall carbon nanotubes (SWNTs)238-240. It is 
proposed that the presence of Li+ and SWNTs have a synergistic effect on the disruption 
of PEO crystallization. Specifically, Li+ ions have an affinity to SWNTs and strongly 
interact with PEO, resulting in a local region of amorphous PEO-Li complex near 
SWNTs. The nucleation and growth of PEO are further disrupted by the SWNT network 
that imposes an energy barrier for chain diffusion during the crystallization process. This 
mechanism may be extended to our system and it seems to fit our conductivity results 
quite well. In our GO/PEO nanocomposite SPE, Li+ ions in the vicinity of GO surface 
form amorphous complex with PEO and reduce the number of available nucleation sites 
for PEO heterogeneous crystallization. Ion transport is confined in the amorphous region 
and is guided by both GO nanoplatelets and PEO crystalline lamellae, resulting in a 
significant improvement on the room temperature // compared with that of PEO SPE. 
95 
 
Meanwhile the σ⊥ for nanocomposite SPE is comparable with that of the PEO SPE 
despite the improved degree of PEO crystal orientation would have imposes more 
tortuous pathways along through-plane direction, which is likely due to the reduced 
crystallinity and possibly smaller crystallite size. 
 
 
 
Figure 5.7 (a) Isothermal crystallization at 30 °C of GO/PEO nanocomposite and PEO films 
without lithium salt doping; (b) Isothermal crystallization at 28 °C of GO/PEO nanocomposite 
and PEO SPEs with LiClO4 doping. 
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Avrami equation241 is employed to describe the crystallization process and can be 
expressed as follows: 
 ( ) ( )1    nX t exp Kt− = −   (5.1) 
Where X(t) is the relative crystallinity calculated as the ratio of the heat of fusion 
at time t and the total heat of fusion of the whole crystallization process and is plotted in 
Figure 5.8 as a function of t; n is the Avrami exponent and K is crystallization rate 
parameter. Values of n and K are determined using the initial linear part of the Avrami 
plot (Figure 5.9) and are listed in Table 5.1. The kinetics parameter K is significantly 
reduced for all SPEs compared with the pristine nanocomposite and PEO without salt 
doping as a result of the strong interaction between the salt and the polymer. K of the as 
cast PEO SPE is nearly as 3 times as that of the nanocomposite SPE, which is consistent 
with the t1/2 result. 
 
Table 5.1 Summary of crystallization parameters obtained from the isothermal crystallization 
scan. 
 
Tc (°C) t0.05 (min) t1/2 (min) n K (min-n) 
GO-PEO 30 0.07 0.12 2.75 502.3 
PEO 30 0.14 0.21 2.54 177.5 
GO-PEO-
Li 28 0.19 0.84 1.67 0.86 
PEO-Li 28 0.12 0.49 1.74 2.45 
 
 
97 
 
 
Figure 5.8 Relative crystallinity X(t) as a function of isothermal crystallization time t for both 
GO/PEO nanocomposite and PEO films with and without salt doping. 
 
Figure 5.9 Avrami plots of both GO/PEO nanocomposite and PEO films with and without salt 
doping. 
 
The Avrami exponent n typically indicates the growth dimension of the polymer. 
However, it should be noted that, in addition to growth dimensionality, the exponent also 
depends on many other factors. For example, 3D growth of athermal nucleation leads to 
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an exponent of 3 while similar 3D growth of thermal nucleation has an exponent of 4. 
Other factors complicate the situation include volume change during crystallization, 
changing growth rate during crystal growth, changing of nucleation mechanism due to 
asymmetric nucleation agent, etc.242 Therefore, caution should be taken when applying 
Avrami analysis in polymer crystallization. The Avrami exponent n was calculated to be 
2.75 and 2.54 for GO/PEO nanocomposite and PEO film without salt doping, suggesting 
a 3D spherulitic growth. On the other hand, the calculated Avrami exponent n values for 
both nanocomposite and PEO SPEs fell below 2 (1.67 for nanocomposite SPE and 1.74 
for PEO SPE), which is possibly due to the strong interaction between PEO chain and Li+ 
during the crystallization process. As the PEO starts to crystallize, the lithium ions are 
expelled from densely packed crystals and complex with polymer chains in the remaining 
amorphous region. The effective Li+ to ether oxygen ratio gradually increases as the 
crystallinity increases, which would result in a stronger restriction of the mobility of the 
amorphous chains that need to diffuse to the growth front. This would possibly change 
the linear growth rate of the crystal, leading to the Avrami exponent deviation.  
5.4 Summary 
In this chapter, a nanocomposite approach had been employed to direct ion 
transport. A GO/PEO nanocomposite SPE was prepared by solution casting a 
homogeneous mixture of PEO, GO and LiClO4. GO was highly aligned with the 
nanoplatelet surface parallel to the film surface during the slow solvent evaporation 
process, which further confined PEO crystallization, resulting in the polymer chain 
perpendicular to the film surface (PEO crystalline lamellae surface parallel to the film 
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surface). The conductivity anisotropy factor was calculated to be ~ 70 at room 
temperature and can be attributed to both GO and PEO crystal orientation. The presence 
of GO and Li+ ions had a synergistic effect to retard PEO crystallization, and it is 
speculated that the ion transport was confined in the amorphous region and guided by GO 
nanoplatelet and PEO lamellae orientation, resulting in an enhanced in-plane conductivity 
compared with the solution cast PEO SPE.  
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CHAPTER 6:  PEO SINGLE CRYSTAL SPE CONTAINING LITHIUM 
PERCHLORATE 
6.1 Introduction 
The effect of PEO crystallization on ionic transport is two-fold. In addition to the 
well-known slowed down dynamics of the tethered amorphous chain, the tortuous ion 
diffusion pathways associated with 2D polymer lamellar crystals are also critical to the 
overall observed conductivity. Results from Chapter 4 and 5 suggest that PEO crystal 
orientation is a key factor to the overall ionic conductivity. Significant conductivity 
anisotropy was achieved in the PEO/GO nanocomposite SPE system due to the high 
degree of orientation of PEO crystals and it is practically useful from an application point 
of view. However, the nanocomposite SPE is not an ideal model for quantitative studies 
of crystallization effect on ion transport since the crystallite size, lamellae thickness, and 
the distribution of lithium salt cannot be precisely controlled and characterized by a 
simple solution casting method.  
On the other hand, polymer single crystal appears advantageous for the 
fundamental study of ion transport in crystalline polymers. Polymer single crystal (will 
be denoted as PSC for the following discussions), which is commonly confused with the 
crystallographic single crystals, often refers to a monolayer lamellae with uniform 
thickness (~ 10 nm) and chain folding direction perpendicular to the large lamellae 
surface (Figure 6.1). It can be grown from dilute solution in which the polymer chains are 
effectively separated from each other. Initial studies on polymer single crystals by Keller 
et al. were aimed at understanding the fundamentals of the chain folding structure243-245. 
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Until very recently it had been demonstrated that PSCs would potentially have versatile 
applications in combined with the emerging nanotechnology201, 203-204, 246-249.  
 
 
Figure 6.1 Illustration of the chain folding model in a polymer lamellae crystal, reported by 
Keller et al.243  
 
Uniform sized PEO single crystals can be grown from dilute solution using a self-
seeding method198, in which technique the crystals are partially dissolved at elevated 
temperature (called seeding temperature Ts), leaving microscopic nuclei that template the 
subsequent crystal growth at lower crystallization temperature (Tc). The crystal size and 
lamellae thickness can be readily manipulated by varying the crystallization conditions 
(Ts and Tc, respectively). Square-shaped PEO single crystals are often observed as a result 
of chain folding along the {120} growth faces250. 
Ideally if an electrolyte membrane consists of stacks of PEO single crystals with 
precisely defined geometry and high degree of alignment, the tortuosity/structural effect 
can be quantified by comparing the in-plane and through-plane conductivities; and the 
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conductivity anisotropy σ// / σ⊥ can be modeled using appropriate permeability model. In 
addition, since the effect of crystal orientation on ion transport is negligible along the in-
plane direction, the dynamic/tethered chain effect can be directly measured by the ratio 
between in-plane conductivity of the PSC-SPE and the conductivity of its amorphous 
counterpart at the same ion concentration. 
In this chapter, PSC-SPEs containing LiClO4 as a model system were prepared 
using a two step method (Illustrated in Figure 6.2): (i) Depositing PEO single crystals 
that were grown from solution into a thin film; (ii) Introducing LiClO4 by infiltration. 
Highly anisotropic ion conducting behavior with σ// to σ⊥ ratio of up to 2000 has been 
observed, demonstrating the directed ion transport by individual lamella. The well 
aligned single crystal SPE also allows quantitatively study of the dynamic/tethered chain 
effect on conductivity. We demonstrate that the dynamic effect is significant at low ion 
contents, and becomes negligible as the ion content increases to an effective Li+/EO ratio 
of ~ 0.1. 
 
 
Figure 6.2 Schematic of PEO single crystal (PSC)-SPE preparation. 
PEO single crystal film
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x
y
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PEO single crystal SPE
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6.2 Preparation and structural characterization of PSC film 
To prepare a PSC film, PEO single crystals were first grown in dilute pentyl 
acetate solution using a self-seeding method as described in section 3.2.4. Because of the 
well-controlled crystallization conditions, the obtained PEO single crystals have a 
uniform size as shown in the phase contrast microscope (Figure 6.3) and TEM (Figure 
6.4a) images. The lateral size of the single crystals can be easily controlled by varying the 
seeding temperature (Ts): the higher Ts is, the less number of seeds left in the solution and 
therefore the larger lateral size of the resulting single crystals. The lateral sizes of PEO 
single crystals grown from 0.1 wt% pentyl acetate solution range from 2 μm to 50 μm 
when Ts increases from 51 °C to 54 °C. Significant crystal overgrowth is observed when 
the lateral size is above 20 μm. The thickness of the crystals is ~ 10 nm as determined by 
AFM in Figure 6.4b when the polymer is crystallized at 20 °C, and therefore the single 
crystals can be viewed as quasi-2D nanoplates. PSC with ~ 20 µm lateral size was 
selected for the following study since it reaches a high aspect ratio (~2000) while 
maintains the monolayer morphology for the majority of crystals. 
 
 
(a) (b) (c)
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Figure 6.3 Phase contrast optical microscope images of PEO single crystals with different lateral 
sizes that are grown from dilute pentyl acetate solution at room temperature (PEO Mw ~ 300 kDa, 
0.1 wt% pentyl acetate solution). The seeding temperatures in from (a) through (e) are 51 °C, 
51.5 °C, 52 °C, 52.5 °C, 54 °C respectively. Scale bar is 20 µm. 
 
 
Figure 6.4 (a) Transmission electron micrograph of a typical PEO single crystal (Ts= 52.5 °C), 
scale bar is 2 µm; (b) Atomic force microscopy height image of a 15 x 15 µm area scan of single 
crystals. Inset shows the corresponding height profile along the white line. 
 
The above single crystal suspension was slowly casted onto a PTFE substrate and 
dried under vacuum at room temperature to yield a single crystal film with an average 
thickness of 10 ~ 20 µm. The film is flexible and mechanically robust (Figure 6.5 inset). 
Thanks to the 2D nature of the crystal, they align parallel to the film surface upon 
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deposition. SEM image of the cross-section of the film reveals a well ordered layer 
structure (Figure 6.5). PEO crystal orientation was further confirmed using X-ray 
scattering.  
 
 
Figure 6.5 Scanning electron micrograph of the cross-section of a PEO single crystal film (lateral 
size of the single crystal is ~20 µm), red arrow shows the film normal, scale bar is 200 nm. Inset 
shows a photograph of the dry film. 
 
2D WAXD experiments were conducted with the X-ray beam parallel to the film 
surface, and the in-plane diffraction pattern (Figure 6.6a left image) reveals well oriented 
patterns with (120) equatorial diffractions at 2θ = 19.15° and (032) diffraction at 2θ = 
23.3° in the quadrants223, 231, 251, indicating that the polymer chains are aligned parallel to 
the film normal. The Herman’s orientation factor of (120) diffraction, f120, is calculated to 
be 0.80 according to equation 4.1 and 4.2 described in section 4.4, Chapter 4 and the 
azimuthal integration of PEO (120) plane is shown in Figure 6.6c. Well-oriented SAXS 
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pattern was also obtained as shown in Figure 6.6a (right image). Strong meridional 
scattering arcs arise from the periodic electron density fluctuation from crystalline stem 
and amorphous folds of the polymer single crystals, and the orientation of the lamellae is 
consistent with WAXD results.  
 
 
Figure 6.6 (a) 2D in-plane WAXD (left) and SAXS (right) patterns of as cast PSC film; (b) 
Azimuthal integration and peak fitting of isotropic WAXD data for PSC film. (PSC film had been 
folded and randomized in order to obtain an isotropic disk for WAXD measurement); (c) 
Azimuthal profile of PEO (120) diffraction for PSC film, X-ray beam is parallel to film surface. 
(d) Schematic illustration of PEO crystalline stems (blue) and amorphous loops (red). 
 
 
The period of the lamellar stacks calculated from SAXS integration is 9.6 nm, 
which is comprised of two layers of amorphous loops attached to the crystalline stems. 
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The crystallinity Xc is estimated to be 0.77 based on integration of isotropic WAXD 
patterns as shown in Figure 6.6b using the following equation: 
 
c
i i
c c a
i i j j
I
X
I I
=
+
∑
∑ ∑
  (6.1) 
Where #$% is the area under the crystalline peak and #&' is the area under amorphous 
peak. The fitting result is shown in Figure 6.6b. Combining SAXS and WAXD results, 
the thickness of each amorphous loop layer is calculated to be approximately 1.1 nm, and 
the crystalline stems have a thickness of 7.4 nm (red and blue regions in Figure 6.6d). 
Comparing to crystalline stem layers, polymer loop-containing fold surfaces (red region) 
are loosely packed, which is prone to Li+ binding.  
6.3 Preparation and structural characterization of PSC-SPEs containing LiClO4 
 To prepare PSC-SPE, LiClO4 was infiltrated into the above mentioned PEO single 
crystal film by soaking the latter in 0.02~0.2 wt% LiClO4 / pentyl acetate solution at time 
intervals varying from 1 to 10 min (schematics in Figure 6.2). Here Li+ to ethylene oxide 
(EO) molar ratio is defined as r, which is calculated from the weight differences of the 
film before and after salt infiltration. All the PSC-SPE films were vacuum dried for at 
least 5 days at room temperature prior to any measurement to completely remove the 
residue solvent (The moisture/solvent level in the SPE is low enough and has negligible 
impact on the conductivity measurement after 5 days since the conductivity remains 
unchanged over 2-3 months when stored in Argon purged glovebox). To simplify the 
system, the Li+ concentration was controlled in the region of 0.001 < r < 0.05 so that only 
crystalline PEO and amorphous PEO:Li complex are present111. 2D in-plane WAXD 
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results in Figure 6.7 top row show that both PEO crystalline structure and crystal 
orientation remain the same after the infiltration process, and PSC-SPEs exhibit only a 
monoclinic crystal structure of pure PEO within the entire Li+ concentration range 
studied in this chapter as indicated by the Azimuthal integration of WAXD patterns in 
Figure 6.8a.  
 
 
Figure 6.7 (a-d) 2D in-plane WAXD (top row) and SAXS (bottom row) patterns of selected PSC-
SPEs containing LiClO4 with Li+ to EO ratio r =0.003, 0.006, 0.02 and 0.05, respectively. The 
meridian of the diffraction patterns is parallel to the film normal.  
 
r =0.003 r =0.006 r =0.02 r =0.05
a b c d
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Figure 6.8 Azimuthal integrations of the (a) 2D WAXD patterns and (b) 2D SAXS patterns of 
PSC-SPEs containing LiClO4 at different Li+ concentrations.  
 
The crystallinity of the films does gradually decrease from 77% to 60% when r 
increases from 0.001 to 0.05, which is likely due to the strong Li-PEO interaction (Figure 
6.9). Another interesting observation is that the long period completely disappears in r ≥ 
0.02 samples in the SAXS patterns, suggesting that Li+ infiltrates into PEO single crystal 
fold regions instead of laterally solvating the crystalline stem (Figure 6.10). As more and 
more salts accumulate in the fold region, the electron density contrast decreases and 
eventually disappears. Therefore, one can adopt a 2-phase model (PEO crystalline phase 
and amorphous PEO/Li+ salt phase) to analyze the ion transport behavior as shown in 
Figure 6.10. All the ions are confined in a 2D space with a thickness of ~ 2−3 nm. For 
conductivity discussion, it is therefore more appropriate to use an effective Li+ to EO 
molar ratio by normalizing r with the corresponding crystallinity of each SPE, and the 
normalized r is denoted as <r> (<r> = r/(1-Xc)), as shown in Table 6.1.  
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Figure 6.9 Crystallinity of PSC-SPEs as a function of Li to EO ratio r, determined by WAXD 
integrations.  
 
 
Figure 6.10 Schematic illustration of PEO crystalline stems (blue) and amorphous loops (red). 
Ions (green) are confined in the fold regions.  
 
6.4 Ion transport in PEO single crystal SPE model system 
6.4.1 Tortuosity effect 
Room temperature ionic conductivities of all SPEs were measured from both in-
plane (σ//) and through-plane (σ⊥) directions. Figure 6.11 shows that both σ// and σ⊥ 
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increase rapidly with <r> at low Li+ ion concentration (<r> < 0.02), and nearly plateau 
when <r> is above 0.02. In the entire region studied, σ// is significantly greater than σ⊥. 
The conductivity difference along these two directions can be quantified by anisotropy 
factor σ///σ⊥. Figure 6.11 shows two distinct regions of σ///σ⊥, i.e. for <r> < 0.02, σ///σ⊥ is 
approximately 800-2,000, and it decreases to 100−300 where <r> > 0.02. Overall the in-
plane conductivity of the polymer single crystal SPEs is 2-3 orders of magnitude greater 
than that of the through-plane one.  
Previous studies have reported numerous SPEs with anisotropic conductivities26, 
128, 166, 252-253
. For example, anisotropic conducting behavior can be achieved in BCP 
systems after aligning the films using a solvent casting method253 or applying 
mechanical, electric, or magnetic fields26, 128, 166, 254. Well-designed liquid crystal (LC)129, 
165
 or holographically polymerized systems132 also showed large anisotropy. Among all 
the achieved values, σ///σ⊥ of 2,000 is one of the highest and it is also achieved in a 
semicrystalline SPE with a crystallinity of ~ 70%. Evidentially, this unprecedented 
conductivity anisotropy in semicrystalline SPEs is due to the well-controlled single 
crystal SPE morphology. From the molecular structure standpoint, the 2-phase 
morphology in semicrystalline polymers is analogous to lamellar BCP, or smectic LC 
phases – even the length scales are close. This simple comparison leads to an interesting 
finding: if the lamellar morphology can be well controlled, the two-phase semicrystalline 
SPEs system, similar to BCP, could be a valid model to design mechanically strong and 
ionic conducting SPE. In this case, ion transport is confined within the chain fold region, 
and guided by the crystalline lamellae.  
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Figure 6.11 (a) Schematic description of in-plane and through-plane conductivity measurement 
setup. (b) Ionic conductivity and conductivity anisotropy as a function of normalized r. (black 
open square: σ// of single crystal SPEs; red open circle: σ⊥ of single crystal SPEs; blue solid 
diamond: conductivity anisotropy σ///σ⊥ of single crystal SPEs) 
 
6.4.2 Dynamic effect 
 The effect of crystallization on ion conductivity is two-fold. The previously 
discussed conductivity anisotropy shows the structural/tortuosity effect, while there is a 
dynamic effect where the relaxation of the amorphous chain is affected because they are 
locally tethered to the crystalline lamellae. In a typical semicrystalline SPE, these two 
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factors are often intertwined and it is difficult to quantitatively evaluate the significance 
of each factor. However, one can decouple them using the previously mentioned well-
aligned polymer single crystal SPEs. This is because that structural/tortuosity effect is 
negligible along the lamellar direction. Here we introduce a coefficient k to describe the 
dynamic effect and it is defined as the ratio between measured normalized σ// (denoted as 
|σ// |, |σ//| = σ// /(1-()) of PSC-SPEs and the conductivity of the corresponding 100% 
amorphous SPE counterpart (denoted as σ0). 
At r = 0.1, σ0 can be directly measured immediately after quenching the SPE from 
120°C to room temperature because the SPE remains 100% amorphous due to the slow 
crystallization kinetics at this ion concentration. However, measuring σ0 of 100% 
amorphous SPEs at lower r is difficult because of the fast crystallization kinetics of linear 
PEO. Nevertheless, one can use a Vogel-Tamman-Fulcher (VTF) equation to fit the high 
temperature (above melting) data and extrapolate the plot to room temperature104-106,  
 
( )0/
0      
B T T
eσ σ − −=   (6.2) 
The cooling scans of temperature dependent conductivity for linear PEO (Mw ~300 kDa) 
SPEs at r= 0.01 and 0.033 are shown in Figure 6.12 and the fitted parameters are listed in 
Table 6.1. 
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Figure 6.12 VTF fitting of the cooling scan of temperature dependent conductivity above Tm at (a) 
r = 0.01 and (b) r = 0.033. All the samples were equilibrated for ~ 1h at each temperature before 
measurement. 
 
 
Table 6.1 Fitting parameters using VTF equation for temperature dependent ionic conductivity 
curves of different SPEs. 
 0 B T0 
r = 0.01 7.26 × 10-3 332.4 233.3 
r = 0.033 1.56 × 10-2 268.8 258.4 
 
The extrapolated room temperature conductivities at r= 0.01 and 0.033 and the 
measured conductivity of melt quenched linear PEO SPE that is 100% amorphous are 
plotted as the green triangles in Figure 6.13. As a comparison, σ0 of cross-linked PEO 
network (100% amorphous) SPEs reported by Watanabe et al. 255 are also plotted 
(inverted triangle) in Figure 6.13. And the two curves representing the 100% amorphous 
counterparts are compared with the σ// of our PSC-SPEs containing LiClO4. Despite 
slight discrepancy of the σ0 values which is likely due to cross-linking effect, the 
conductivities for both linear amorphous and network SPEs gradually decrease with 
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increasing Li+ concentration. It is a net result from both increased Tg of the polymer due 
to Li-ether oxygen interaction and ion aggregation, detailed discussion can be found 
elsewhere255. The dynamic effect can therefore be quantified by comparing σ0 with σ// at 
a given <r>. Table 6.2 summarizes the calculated coefficient k using σ0 obtained from the 
above mentioned two sets of data. k gradually decreases from 180/30 at <r> = 0.01 to 
2.1/0.6 at <r> = 0.11, suggesting that the conductivity reduction due to the dynamic 
effect decreases from 101 ~ 102 to near unity.  
 
 
Figure 6.13 Comparison of in-plane conductivity of PSC-SPEs containing LiClO4 and the 
conductivity of 100% amorphous SPEs. Green triangle: σ0 of linear PEO-LiClO4 SPEs; brown 
inverted triangle: σ0 of network PEO-LiClO4 SPEs from ref255. 
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Table 6.2 Summary of σ0 and calculated coefficient k at different r. 
r Xc <r> |//| (S/cm) 

0//
a,b
 
(S/cm) 
Calculated k 
from 
0//
a,b
 

0
c
 
(S/cm) 
Calculated 
k from 
0
c
 
0.050 0.54 0.11 3.77×10-7 
1.76×10-6 ,a 
2.1 
4.65×10-7 
0.6 
0.037 0.59 0.09 2.85×10-7 2.5 0.7 
0.023 0.72 0.08 2.08×10-7 2.4 0.6 
0.013 0.76 0.05 8.42×10-8 - - 3.30×10-6 9.4 
0.006 0.77 0.03 1.02×10-7 1.81×10-5 ,b 41.90 9.22×10-6 20.9 
0.003 0.76 0.01 5.68×10-8 4.32×10-5 ,b 180.8 7.29×10-6 30.5 
a: Measured room temperature conductivity of amorphous SPE at r = 0.1; 
b: 
0
 extrapolated from high temperature conductivity of linear SPEs using VTF equation; 
c: room temperature conductivity of network PEO SPEs, data reproduced from ref 255. 
 
Glass transition temperatures for single crystal SPEs were measured to better 
understand the dynamic effect on conductivity at different ion contents, and the results 
are shown in Figure 6.14. The Tg at a given  <r> of the single crystal SPEs prepared is 
nearly identical to that of either PEO networks255 or solution cast SPEs62 reported 
elsewhere. For example, the Tg is −46.3°C at <r> = 0.014 for single crystal SPE and is 
−43°C at <r> = 0.01 for PEO network. When <r> = 0.1, Tg is approximately −22°C to 
−15°C for all types of SPEs. Therefore, polymer chain mobility, which characterized by 
Tg alone, cannot explain different k values at various <r>. And we propose that the local 
chain conformation restricted by the attached crystalline lamellae would play an 
important role in determining the k.  At low <r> where long range polymer segmental 
motion is forbidden, this tethered chain effect is significant and results in one to two 
orders of magnitude drop of conductivity compared with amorphous SPEs. On the other 
hand, at moderate <r>, ions themselves would act as cross-linkers to reduce the long 
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range segmental motion of the polymer; therefore, the tethered chain effect is no longer 
the limiting factor. 
 
 
 
Figure 6.14 (a) Tg of PEO single crystal SPEs determined by differential scanning calorimetry 
(DSC). The samples were first cooled from 0°C to -100°C at 1°C/min and then heated from -
100°C to 100°C at 40°C/min. Tg was determined by the heating curve; (b) Tg as a function of <r> 
for different SPEs. Black solid squares denote the single crystal SPEs in our current work, red 
solid circles are the network PEO SPEs reproduced from ref255. Blue solid triangles are solution 
cast linear PEO SPEs reproduced from ref62. Black open diamonds represent the amorphous 
linear PEO SPE at <r> = 0.1 prepared in the current work. 
-60 -30 0 30 60 90 120 150
<r>= 0
<r>= 0.014Tg= -46.3°C
Tg= -17.6°C
<r>= 0.05
<r>= 0.11 
Tg= -22.8°C
En
do
th
e
rm
ic
 
u
p
Temperature (°C)
Tg= -37.3°C
<r>= 0.1 
amorphous
 
 
-60-40-20 0
Tg = -52.4°C
(°
)
a
150
 
0.00 0.02 0.04 0.06 0.08 0.10 0.12
-60
-50
-40
-30
-20
-10
0
T g
 
(°C
)
<r>
 
 
b
118 
 
Temperature dependent conductivities were also measured for PEO single crystal 
SPEs at both dilute and higher Li+ concentration regions.  First heating scans of both σ// 
and σ⊥ at a constant rate of 1°C/min for SPE at <r> = 0.015 and 0.08 are shown in Figure 
6.15a and b. For SPE at <r> = 0.015, with increasing temperature, the conductivity 
anisotropy remains unchanged (or slightly decreases) below Tm, and sharply drops to ~2 
at Tm. On the other hand, the anisotropy decreases continuously below Tm and the slope 
becomes steeper near Tm for SPE at <r> = 0.08, which is due to an earlier onset of 
melting, supported by both in-situ WAXD (Figure 6.16) and DSC (Figure 6.17). At 
temperatures below the onset, σ// and σ⊥ for both SPEs exhibit Arrhenius behavior, which 
confirms that ion hopping is the conduction mechanism.  
 
 
Figure 6.15 Temperature dependent ionic conductivity of PEO single crystal SPEs at (a) dilute 
region where <r> = 0.015; (b) high concentration region where <r>=0.08, data were collected 
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during first heating scan at 1°C/min heating rate. Scheme shows the proposed morphology at 
different temperature ranges for the two SPEs. 
 
Ea of σ// and σ⊥ can be calculated to be 0.86 eV and 1.06 eV at <r> = 0.015, and 
0.75 eV and 1.17 eV at <r> = 0.08. For both SPEs, the in-plane activation energy is 
consistently lower than its corresponding through-plane activation energy, suggesting that 
it is more difficult for ions to circumvent the highly oriented crystals than hopping along 
the crystal surface. Robitaille et al. reported Ea of PEO-LiClO4 electrolyte at 60°C < T < 
120 °C is approximately constant and equals to ~0.7 eV at high Li+ loading and ~ 0.3 eV 
for diluted electrolytes111. As a comparison, the in-plane Ea of the concentrated single 
crystal SPE at <r> = 0.08 (Ea=0.75) is close to that of reported for concentrated 
electrolyte (0.7 eV). This further supports our previous statement that crystallization has 
nearly no effect on ion conduction for the in-plane direction in moderate ion 
concentration systems.  
 
Table 6.3 Summary of activation energy Ea of various SPEs 
Ea (eV) 
PSC SPE 
In plane 
PSC SPE 
Through plane 
Amorphous 
SPE 
<r> = 0.015 0.86 1.06 0.3 
<r> = 0.08 0.75 1.17 0.7 
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Figure 6.16 In-situ WAXD measurements for single crystal SPEs at (a) <r> = 0.015 and (b) <r> = 
0.08 from first heating curve, the average heating rate was controlled to ~ 1°C/min;  
 
 
Figure 6.17 DSC first heating scans from 0°C to 100°C at 1°C /min heating rate for single crystal 
SPEs at <r> = 0.08 and 0.015. 
 
It is also interesting to note that at <r> = 0.08, σ// and σ⊥ show a crossover near 
the end of the melting process. This is probably due to the polymer chain memory effect 
upon melting: although crystals are molten, polymer chains are still loosely orientated 
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parallel to the film normal, which facilitates ion transport along the through-plane 
direction. The crossover near melting is not observed at <r> = 0.015 since the ion 
concentration at this composition is too low so that ions remain phase separated from the 
molten lamellae within the timescale of the measurement, as illustrated in the scheme in 
Figure 6.15. 
6.5 Summary 
 It was demonstrated for the first time that the two intertwined effects of PEO 
crystallization on ionic conductivity reduction, namely the structural/tortuosity effect and 
dynamic/tethered chain effect, can be decoupled and quantified using a model PEO single 
crystal SPE with controlled size, structure, crystallinity, and crystal orientation. High 
conductivity anisotropy (102~103) was obtained when the degree of 2D PEO lamellae 
orientation is high (f120 = 0.8). The important result from this study is that the 
conductivity reduction via chain tethering due to crystallization is not always as 
significant as it had been widely considered. For dilute electrolytes, a drop in 
conductivity by a factor of ~101 to 102 was observed, which can be explained by long 
range polymer segmental motion prohibition due to the rigid amorphous loop tethered on 
crystal lamellae surface. However, with a moderate ion concentration, crystallization has 
nearly no effect on chain mobility and the conductivity decrease is controlled by crystal 
orientation, strong Li-PEO interaction and Li+ aggregation.  
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CHAPTER 7:  PEO SINGLE CRYSTAL SPE CONTAINING LITFSI 
7.1 Introduction 
PSC SPEs containing LiClO4 as discussed in the previous chapter has served as a 
perfect model system to understand the crystallization effect on ion transport in 
semicrystalline PEO based SPEs. Throughout the entire Li+ concentration studies, the 
PSC-SPEs can be treated as a two-phase model that consists of PEO crystalline lamellae 
phase and amorphous PEO:Li complex phase in the loop region between PEO lamellae. 
This model allows for a quantitative study of both tortuosity and dynamic effect on ion 
transport. However, the drawback for using LiClO4 is that it tends to aggregate into ion 
pairs, triplet and ion clusters at higher ion concentrations and the Tg raises significantly 
due to strong PEO-Li interaction, which is a limiting factor for polymer chain mobility 
reduction and ionic conductivity decrease. 
On the other hand, Lithium bis(trifluoromethylsulfonyl) imide (LiTFSI), which 
was first discovered by Armand et al.256 and systematically studied by Prud’homme et 
al.114, 182 later on, shows a few advantages over LiClO4 (chemical structures of these two 
types of salts are shown in Figure 7.1). It has a wide electrochemical stability window 
and large charge delocalization as the bulky anion promotes higher degree of ion 
dissociation. In addition, the TFSI anion acts as a plasticizer in the amorphous phase of 
PEO:Li salt complex, which lowers the Tg of the electrolyte, increases polymer chain 
mobility and therefore improves the room temperature conductivity. 
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Figure 7.1 Chemical structures of (a) LiClO4 and (b) LiTFSI. 
 
The phase diagram of PEO:LiTFSI electrolyte that had been developed by 
Prud’homme et al.114, 182 are shown in Figure 7.2. Only crystalline PEO and amorphous 
PEO-Li salt complex phase coexist in dilute region where O/Li molar ratio is above 12, 
which is similar to the PEO:LiClO4 electrolyte system111. In the semi-dilute region (6 
<O/Li<12), PEO crystallization kinetics is significantly slowed down257-258,  and even a 
crystallinity gap within which the PEO:LiTFSI phase are completely amorphous had 
been observed for low molecular weight PEO electrolyte114. Several crystalline 
compounds (e.g. 6/1, 3/1, 2/1) can be observed in the high concentration salt-rich region 
while some of the crystalline structure still remains a subject of controversy.  
(a) (b)
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Figure 7.2 Phase diagram of PEO:LiTFSI SPEs, adopted from ref 114. 
 
In this chapter, PSC-SPE containing LiTFSI was prepared through a similar way 
as PSC-LiClO4 SPE system described in Chapter 6. And the salt concentration was 
controlled to be within the dilute region within which only crystalline PEO phase and 
amorphous PEO/Li complex phase co-exist. The objective of this study is: 1) To improve 
room temperature ionic conductivity of the PSC SPEs by replacing ClO4- with a large 
delocalized TFSI anion in order to minimize ion aggregation and the Tg increase; 2) To 
study the anion effect on the structure and ionic conductivity correlation of PSC-LiTFSI 
SPEs. 
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7.2 Structure and ionic conductivities of PSC-LiTFSI SPEs  
7.2.1 Preparation and structural characterization of PSC-LiTFSI SPEs 
To prepare PSC-LiTFSI SPEs, PSC films were soaked in 0.1~0.4 wt% LiTFSI 
pentyl acetate solutions at time intervals varying from 10 to 100 min. LiTFSI has higher 
affinity with pentyl acetate solvent and therefore the infiltration time for the lithium salt 
to reach the similar concentration in the PSC film as in the LiClO4 system is much 
longer. The resultant effective Li+ to [EO] ratio (<r>) was controlled from 0.01 to 0.1 
(O/Li molar ratio from 100 to 10) so that all the PSC-SPEs were still within the dilute 
region as defined in the phase diagram. All the PSC-LiTFSI SPEs were dried under 
vacuum at room temperature for 5-7 days and transferred to an Argon purged glove box 
and stored at room temperature prior to any measurements. 
 
 
Figure 7.3 (a-d) 2D in-plane WAXD (top row) and SAXS (bottom row) patterns of PSC-LiTFSI 
SPEs. 
a
<r> =0.014 <r> =0.045 <r> =0.064 <r> =0.07
b c d
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The 2D in-plane WAXD patterns in Figure 7.3 (top row) confirm that PEO crystal 
orientation remains intact. Integrations of the 2D in-plane WAXD patterns in Figure 7.4a 
reveal that only PEO monoclinic crystalline structure exists in all PSC-LiTFSI SPEs. 
However, the PEO crystallinity does decrease at higher Li+ concentration as the 
amorphous area under the crystalline peaks increased as <r> increases. Beside the broad 
amorphous hump around 15~30° of 2θ under the major crystalline peaks, there is an 
additional amorphous peak near 10~17° of 2θ and it becomes prominent between 
<r>=0.7~0.94, which likely suggests the crystalline to amorphous transition is directional 
along certain crystallographic planes.  
 
 
Figure 7.4 Azimuthal integrations of (a) WAXD and (b) SAXS patterns of PSC-LiTFSI SPEs. 
 
It had been proposed in section 6.3 for the PSC-LiClO4 SPE system that at initial 
low Li+ concentration, ions have a tendency to infiltrate into the fold region and form 
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complex with the rigid amorphous loops tethered on the crystalline lamellae surface 
(schematics in Figure 6.10). This is supported by the fact that the intensity of the SAXS 
scattering at q= 0.065 Å-1 (corresponding to 9.6 nm periodicity) gradually decreases and 
eventually disappears, since the introduction of the anion decreases the contrast between 
amorphous loops region and crystalline lamellae. This phenomenon is also observed in 
the PSC-LiTFSI SPE system. The integrations of SAXS patterns of PSC-LiTFSI SPEs in 
Figure 7.4b indicate that the critical Li+ concentration at which the scattering peak at q= 
0.065 Å-1 completely disappears shifts to much lower <r> (~0.02 for PSC-LiTFSI SPEs 
compared with <r> ~ 0.06 for PSC-LiClO4 SPE system). This is consistent with the fact 
that TFSI- has a higher electron density than ClO4-, which could balance the contrast 
between amorphous loops and crystalline lamellae at much lower ion concentrations.  
Another interesting observation is that a large feature of structure in the PSC-
LiTFSI SPE systems begins to form at <r> above 0.05 as indicated by the SAXS 
integrations in Figure 7.4b. Two broad peaks at much lower q-values start to appear at 
<r> = 0.064, and the intensity of these two peaks increases with further increase of ion 
concentration. The first order peak corresponds to an average d-spacing of ~ 30 nm, 
which is nearly as three times as one PEO crystalline lamellar thickness. Since the 
highest weight percentage of LiTFSI salt in the PSC film is 22 wt% at <r> =0.094, it is 
unlikely that the volume increase due to the introduction of LiTFSI into the amorphous 
inter-lamellar region can cause an expansion of periodicity from 10 nm to 30 nm, 
therefore a different mechanism must be involved. It is speculated that a “super-
structure” might be formed at high ion concentrations. 
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7.2.2 Characterization of the PSC-LiTFSI SPE “Super-structure”  
To further understand this “super-structure”, 2D in-plane and through-plane 
WAXD and SAXS measurements were performed on PSC-LiTFSI SPE at <r> =0.094. 
WAXD patterns (Figure 7.5a, b) suggest that the monoclinic PEO crystal structure 
remains unchanged and the polymer chains are all aligned parallel to the film normal. 
The 2D in-plane SAXS patterns in Figure 7.5c show a strong anisotropic scattering along 
meridian direction while the SAXS pattern from on the through-plane direction is 
isotropic, indicating that this “super-structure” also has strong orientation and it’s aligned 
in the same direction as the PEO lamellae. The elliptical shaped scattering pattern in 
Figure 5.3c becomes much narrower along the equator direction, suggesting a periodic 
structure with an even larger lateral size compared with the 20μm PEO single crystal 
lamellae. 
 
 
Figure 7.5 2D WAXD (top row) and SAXS (bottom row) patterns of PSC-LiTFSI SPE at <r> = 
0.094. (a) and (c) are collected when x-ray beam is parallel to film surface; (b) and (d) are 
collected when x-ray beam is perpendicular to film surface. 
(a) (b)
(c) (d)
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Ideally, morphological characterization would be more straightforward to 
visualize the “super-structure”. However in this case, the hydroscopic nature makes it 
extremely difficult to directly characterize the morphology and structure of these SPE 
films using traditional techniques such as cross-section AFM and TEM due to tedious 
sample preparation procedure. Therefore a few alternative ways had been attempted here 
in order to better understand the morphology of these PSC-LiTFSI SPEs at relatively 
high ion content.  
In one of our approaches, 0.1 wt% LiTFSI pentyl acetate solution was added into 
~0.1 wt% PEO single crystal pentyl acetate solution. The resultant solution was well 
mixed and spin-coated onto a carbon coated TEM grid and dried in vacuum for 1 day 
before measurement. Figure 7.6 shows a TEM image of a-few-layer PEO single crystal/ 
LiTFSI clusters. In contrast to a clean surface that commonly observed for pristine PEO 
single crystals, the surface of these mixed PEO single crystal/LiTFSI clusters is very 
heterogeneous. EDXS analysis confirms that LiTFSI salts are present in these structures. 
The contrast between the dark and light domains could be due to the height difference, 
and it is likely that PEO crystals in the light area were partially dissolved by LiTFSI at 
this early stage of perforation.  
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Figure 7.6 Transmission electron micrograph (a) and EDXS analysis (b) of PEO single crystal 
and LiTFSI mixture in pentyl acetate solution. 
 
 
 
Figure 7.7 Phase contrast microscope images of PEO single crystals. LiTFSI solutions with 
different concentrations were spun coated onto the PSC substrate. (a) to (d) are microscope 
images of PEO single crystals after spun coated with 0, 0.27, 0.54, and 1.08 wt% LiTFSI pentyl 
acetate solution, respectively. Scale bar equals to 20 µm.  
1 µm
(a) (b)
(a) (b)
(c) (d)
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A second control experiment is shown in Figure 7.7. LiTFSI pentyl acetate 
solutions with different concentrations were spun coated onto glass substrates that were 
pre-deposited with PEO single crystals. When LiTFSI concentration increased, the PEO 
crystals were partially dissolved as large holes were clearly observed on the crystal 
surfaces. Despite the fact that the LiTFSI infiltration progress in PSC film was likely to 
be different from these two supplementary experiments, the results of the latter highly 
suggest that perforation of PEO crystals is possible to take place at high LiTFSI 
concentrations.  
 
 
Figure 7.8 Crystallinity of PSC-LiTFSI SPEs as a function of <r>, the crystallinity is calculated 
from isotropic WAXD integrations. 
 
The crystallinity of PSC-LiTFSI SPEs that determined from the WAXD 
integrations as a function of <r> is plotted in Figure 7.8. The crystallinity remains nearly 
the same as pristine PSC film (Xc ~ 76%) at <r> below 0.05. This is likely due to the 
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large size of the TFSI anion, within the experimental time scale, PEO crystalline lamellae 
appear to be impermeable to the ions in dilute region, therefore ions are enriched in the 
amorphous region and the PEO crystals remain intact. When further increase the ion 
concentration to <r> above 0.05, a quick drop of the crystallinity was observed and it is 
consistent with the perforation of the PEO single crystals in the microscope 
measurement. 
7.2.3 Proposed mechanism of PSC-LiTFSI “super-structure” formation 
Based on all the characterization results discussed above, the effect of LiTFSI on 
the structure change of PSC film is summarized and mechanism of the “super-structure” 
formation is proposed. During the infiltration process, ions are first enriched in the 
amorphous loop regions between PEO crystalline lamellae, resulting in a decreased 
electron density contrast between the loop region and crystal region and the 
disappearance of the SAXS scattering at q= 0.065 Å-1. When <r> further increases to 
above 0.064, a new periodic structure is observed from the SAXS patterns. This so called 
“super-structure” has an average periodicity of ~30 nm and also adopts an anisotropic 
layered structure with the layer normal parallel to the film normal, while the lateral size 
of the layer is much larger than that of the PEO crystal, as suggested by the shape change 
on the 2D SAXS pattern.  
After ions are saturated within the inter-lamellae amorphous domains, they start to 
penetrate into the PEO crystals and reduce the crystalline PEO fraction, as confirmed by 
the decrease of PEO crystallinity from 75% at <r>=0.05 to 45% at <r>=0.094. The 
dissolution of the PEO lamellae is likely to be inhomogeneous and it may start from the 
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weak points, e.g. defects and extended to a whole layer of crystals. Perhaps the crystals 
are selectively dissolved every one or two layers, resulting in a larger periodicity in 
average (Schematics of the proposed “super-structure” is shown in Figure 7.9. The 
“super-structure” is not observed in PSC-LiClO4 SPEs and it is likely because there is not 
sufficient contrast between the amorphous PEO/Li region and the remaining crystalline 
lamellae within the concentration range in this study due to the lower electron density of 
ClO4- compared with TFSI-. Further study by varying the anion size and measuring the 
SAXS patterns would provide better understanding on the origin of this large periodicity 
formation.  
 
 
Figure 7.9 Schematics of the proposed “super-structure” in PSC-LiTFSI SPEs at high ion 
contents, viewed from cross-section of the film. 
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7.2.4 Structure evolution of PSC-LiTFSI SPEs 
Although the integration of WAXD pattern for PSC-LiTFSI SPE at <r> =0.094 is 
only characteristic of pure monoclinic PEO crystalline structure, the curve does show 
noticeable difference compared with pristine PSC without LiTFSI doping (Figure 7.4a). 
For the dry SPE that stored at room temperature for 1 week, there is an amorphous bump 
near 10 ~ 17° of 2θ. Additional crystalline structure had slowly formed after annealing at 
room temperature for 3 months. Four peaks at 2 θ = 9.3°, 11.4°, 14.7° and 16.3° can be 
assigned to P(EO)6:LiTFSI crystalline complex as reported elsewhere63. And 2D WAXD 
pattern in Figure 7.10c shows anisotropic scattering from these planes, indicating that the 
slowly formed 6:1 crystalline complex has certain orientation. It is likely that the polymer 
chain arrangement is preserved in the initial amorphous state, which further guides the 
orientation of the subsequent PEO:Li 6:1 crystalline complex after slow crystallization at 
room temperature. In addition, the peak position gradually shifts to lower q value after 3 
months annealing in the SAXS integration plot in Figure 7.10b, indicating this “super-
structure” is slowly evolving with time into a larger periodicity. Since the fraction of this 
6:1 crystalline complex is very low, the majority phase of the PSC-LiTFSI SPE at <r> 
=0.094 is still crystalline PEO.  
135 
 
 
Figure 7.10 (a) WAXD integrations; (b) SAXS integrations of PSC-LiTFSI SPE at <r>=0.094, 
annealed at room temperature for different time intervals. (c) 2D in-plane WAXD; (d) 2D in-
plane SAXS of 3-month-aged PSC-LiTFSI SPE. 
 
WAXD and SAXS were also performed on two additional samples at low and 
intermediate concentration ranges up to 3 months room temperature aging in order to 
determine whether there is any structure evolution. <r>=0.045 is slight below the critical 
concentration where both crystallinity and conductivity anisotropy starts to drop. At this 
concentration, the PEO crystalline lamellae scattering peak at q= 0.065 Å-1 is the weakest 
and no feature of “super-structure” is observed after the initial 1 week aging based on the 
SAXS results in Figure 7.11b. However, the PEO crystalline lamellae scattering peak 
completely disappears and a weak sign of “super-structure” starts to appear after 3 
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months. While the WAXD integrations remains unchanged over 3 months (Figure 7.11a), 
suggesting that the crystalline structure in dilute electrolyte is stable.  
At intermediate concentration (<r> =0.066), the intensity of peaks at ~ q = 0.023 
and 0.045 Å-1 that are characteristic of the “super-structure” is enhanced after 3 month 
aging in the SAXS plot in Figure 7.11d, indicating that the structure becomes more 
ordered after rearrangement at room temperature over a long period of time. No PEO:Li 
6:1 crystalline complex has been formed even after 3 months at this stoichiometry based 
on the WAXD results in Figure 7.11b. 
 
 
Figure 7.11 WAXD (a, b) and SAXS (c, d) integrations of PSC-LiTFSI SPEs at <r> = 0.045 and 
0.066, respectively that annealed at room temperature for 3 months.  
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7.2.5 Correlation of structure and ionic conductivity in PSC-LiTFSI SPEs  
In-plane and through plane conductivities and the anisotropy factor (///⊥) of 
PSC-LiTFSI SPEs are summarized in Figure 7.12. The general behavior of ionic 
conductivity as a function of Li+ concentrations is very similar to that observed in the 
PSC-LiClO4 SPEs previously discussed in Chapter 6: Both // and ⊥ increase with <r> 
and // is consistently higher than ⊥ throughout the entire Li+ concentration range, which 
indicates the ion transport along the crystal surface is less affected by crystallization. 
High conductivity anisotropy on the order of 103 (// / ⊥ = 500 to 3,000) is observed for 
PSC-LiTFSI SPEs in dilute region when <r> is below 0.05. Above the critical point ~ 
<r> = 0.05, the conductivity anisotropy quickly dropped to 50-20, with the ⊥ increases 
much faster than //. It is also coincident that PEO crystallinity decreases from 76% to 
45% when <r> increases from 0.045 to 0.095. Partial dissolution of the PEO single 
crystal is further confirmed judging from the steeper slope of ⊥ curve and low 
conductivity anisotropy at high ion content. 
This structure-conductivity correlation and the similarity of the conductivity 
behaviors between the two types of lithium salts imply that the ion conduction in our 
PSC-SPE system can be simply treated as a phenomenon of small molecule diffusion in a 
composite matrix, which is significantly affected by the presence of the impermeable 
fillers. In both PSC-SPE systems, the PEO crystalline lamellae can be considered as the 
filler that is dispersed within the amorphous PEO matrix. Ions act as small molecules 
diffusing through the amorphous PEO matrix, and the transport property depends on the 
geometry of the “PEO lamellae filler”. 
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Figure 7.12 In-plane (black open square) and through-plane (red open circle) ionic conductivity 
of PSC-LiTFSI SPEs and the conductivity anisotropy (blue diamond) as a function of effective 
Li+ to [EO] ratio <r>. 
 
As expected, PSC-LiTFSI SPEs show improved ionic conductivity from both in-
plane and through-plane direction and the enhancement becomes more prominent at 
higher ion concentrations (Figure 7.12). // of reaches ~ 0.3 × 10-4 S/cm at <r> = 0.94, 
which is comparable with reported conductivity value of 4x10-5 for 100% amorphous 
SPE with low molecular weight PEO (3.9 kDa) 182 and even higher than 0.11x10-4 S/cm 
of the amorphous solution cast SPE with the same PEO (Mw~300kDa) at the same <r>. It 
is noted that // of PSC-LiTFSI SPEs is nearly two orders of magnitude higher than that 
of the PSC-LiClO4 SPE at equivalent Li+ concentration259. The enhanced ionic 
conductivity is due to the plasticizing effect of TFSI- that results in high polymer chain 
mobility in the amorphous phase. This is confirmed in Figure 7.13 as PEO remains a 
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relatively low Tg (~ -40 °C) even at high Li+ concentrations. Higher degree of ion 
dissociation and the absence of ion pairs as suggested by Raman spectroscopy study260 
would also be the reason for the observed room temperature conductivity improvement.  
 
 
Figure 7.13 Glass transition temperatures of PSC-LiTFSI SPEs (black square); Cross-linked PEO 
electrolyte with urethane linkage, PEO chain length is 2000 g/mol, replotted from ref. 261(red 
circle); Semicrystalline PEO (linear) based SPEs prepared by solution casting method, Tg values 
estimated from ref.114 (blue triangle).   
 
 
7.2.6 Temperature dependent ionic conductivities of PSC-LiTFSI SPEs 
Two samples representative of dilute and concentrated SPEs were selected for 
temperature dependent ionic conductivity measurements. Figure 7.14 shows the first 
heating scans from in-plane and through-plane directions at <r> = 0.02 and <r> = 0.08. 
Both in-plane and through-plane curves for the two samples show a typical Arrhenius 
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behavior, indicating ion hopping is the ion conduction mechanism. Activation energies 
(Ea) are calculated based on the slope of the curves below 40 °C and are shown in Table 
7.1.  For both dilute and concentrated SPEs, the Ea calculated from in-plane direction is 
always slightly higher than its corresponding through-plane direction, suggesting the 
energy barrier is higher for ions to diffuse perpendicular to the crystal orientation 
direction. This trend is consistent with that observed in PSC-LiClO4 system discussed in 
Chapter 6. On the other hand, the through-plane activation energy decreases from 1.35 to 
1.13 when <r> increases from 0.02 to 0.08, which further supports the perforation of 
PEO single crystals by excessive lithium salts, resulting in an increase of the amorphous 
fraction that facilitates ion transport along the through-plane direction with lower 
activation energy. 
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Figure 7.14 First heating scans of PSC-LiTFSI SPEs at (a) <r> = 0.02 and (b) <r> = 0.08 at 
1 °C/min heating rate. 
 
 
 
Table 7.1 Activation Energies of PSC-LiTFSI SPEs calculated from the first heating scans. 
Ea (eV) In plane Through plane 
       <r> = 0.02 1.19 1.35 
<r> = 0.08 0.98 1.13 
 
7.2.7 Lithium transference number measurement 
The lithium transference number t+ of PSC-LiTFSI SPEs was measured using 
electrochemical method. For a binary polymer/salt blend, both cation and anion are 
mobile and can contribute to the measured ionic conductivity. It is essential to maintain a 
high cation transference number in order to minimize the development of a concentration 
polarization across the cell during current flow that would limit the power output of the 
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battery. In this study t+ was only measured on a PSC-LiTFSI SPE at <r> = 0.08 at room 
temperature. Measurements on PSC-LiTFSI SPEs with ion concentration <r> below 0.08 
were not pursued since the impedance of these electrolytes was too high that the current 
response upon a small d.c. bias was below the signal to noise ratio of the instrument. 
 
 
Figure 7.15 Time dependence of the response of the cell current under 50 mV potential 
polarization at room temperature for PSC-LiTFSI SPE at <r>=0.08. 
 
The electrochemical method to determine t+ involves a combined a.c. and d.c. 
measurements that first developed by Vincent and Bruce as discussed earlier in Section 
3.3.6.2. The initial (I0) and steady state (Is) current can be read from the current profile as 
shown in Figure 7.15. The a.c. impedance of PSC-LiTFSI SPE at <r>=0.08 before and 
after a small polarization voltage of 50mV are plotted in Figure 7.16. The high frequency 
semicircle can be assigned to the resistance of the electrolyte (Re), and low frequency 
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semicircle corresponds to the resistance of the passivating layer at the interface (Ri)212, 
262
. This is confirmed as the bulk resistance of the electrolyte measured using a normal 
two-parallel stainless steel-electrode setup nearly overlapps with the high frequency 
semicircle that measured from the symmetrical Li |electrolyte| Li cell. 
 
 
 
Figure 7.16 The a.c. complex impedance plot of the impedance before d.c. polarization (green 
solid square) and after d.c. polarization (black solid triangle) on a Li |PSC-LiTFSI SPE| Li cell, 
measured at room temperature. The blue open circle is the a.c. impedance of the same electrolyte 
measured on a ss |PSC-LiTFSI SPE| ss cell without Li electrode. 
 
The fitted parameters and calculated results are listed in Table 7.2. The lithium 
transference number t+ for PSC-LiTFSI SPE at <r>=0.08 was calculated to be 0.25, 
which is consistent a range of 0.2 ~ 0.4 measured on a plasticized PEO-like electrolyte215 
and PEO-PEG-γ-LiAlO2 electrolyte263 using the same electrochemical technique. 
Concentration dependent t+ on PEO/LiTFSI blends was reported by Edman et al.264 using 
Re Ri
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a different electrochemical method based on concentrated solution theory; t+ was found 
to increase with the increase of ion concentration (from 0.2 to 0.6 when O/Li ratio 
decreased from 30 to 5) as a results of a decrease in anion mobility with decreasing free 
volume. The present t+ result indicates that the crystalline morphology of the single 
crystal SPE model system does not alter the lithium transport property.  
 
Table 7.2 Summary of lithium transference number measurement results. 
 
I0 (µA) Is (µA) Re
0
 
(kΩ) 
Res 
(kΩ) 
Ri0 
(kΩ) Ri
s
 (kΩ) V (V) t+ 
PSC-LiTFSI 
SPE at <r>= 
0.08 
1.0 0.3 24.1 28.4 20.0 22.7 0.05 0.25 
 
 
 
7.3 Summary 
In this study, PSC-SPEs containing LiTFSI, a lithium salt with large delocalized 
anion had been prepared, the structure and ionic conductivity were characterized and 
compared with the PSC-SPE system containing LiClO4 discussed in Chapter 6. A few 
common features between these two systems have been observed: 
• In both PSC-SPE systems, the introduction of lithium salt does not change the 
PEO crystal structure. But the crystallinity of the PSC-SPEs gradually decreases 
as salt concentrations increases due to the strong polymer-salt interaction that 
partially disrupts the crystalline lamellae. 
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• The scattering peaks in SAXS arise from the electron density fluctuation between 
crystalline lamellae and amorphous loop-lithium salt complex. Increasing the salt 
concentration reduces the contrast between crystalline lamellae and amorphous 
PEO-lithium phase, resulting in a decrease and eventually disappearance of the 
scattering peak intensities. 
• In both PSC-SPE systems, in-plane conductivity is consistently higher than 
through-plane conductivity throughout the entire Li+ concentration range that 
have been investigated in this study. The conductivity anisotropy is on the order 
of 102~103 at low Li+ concentrations and drops one or two magnitude after certain 
threshold. And this anisotropy is attributed to the tortuosity imposed by the highly 
oriented PEO single crystals. 
• The dynamic effect for both systems is significant in dilute region and seems to be 
diminished when the Li+ concentration increases. 
There are also quite a few distinct differences between the two salts and are 
summarized as follows: 
• The scattering peaks in SAXS disappear at lower <r> in PSC-LiTFSI SPE 
compared with PSC-LiClO4 SPE due to higher electron density of the TFSI anion. 
• The onset of conductivity anisotropy drop for PSC-LiTFSI SPE shifts to higher 
<r> compared with PSC-LiClO4 SPE since it’s more difficult for the large TFSI- 
anion to penetrate into PEO crystals than the ClO4- anion. 
• PSC-LiTFSI SPEs have higher conductivity than PSC-LiClO4 SPEs at a given 
<r> and the difference becomes more pronounce at high ion concentrations. The 
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large delocalized TFSI anions facilitate ion dissociation and act as a plasticizer to 
maintain a low Tg of PEO as expected, resulting in an enhanced overall ionic 
conductivity compared with the LiClO4 system.  
• At concentrated region, a novel “super-structure” with ~ 30 nm periodicity is 
observed for the first time in PSC-LiTFSI SPEs and it is likely responsible for the 
increased through-plane conductivities and decreased anisotropy at high Li+ 
concentrations. 
At last, it is notable that the in-plane room temperature conductivity of PSC-
LiTFSI SPE at <r> =0.094 reaches 0.3x10-4 S/cm, which is slightly higher than the 
conductivity value of 0.1x10^4 S/cm for its 100% amorphous counterpart while the 
former consists of ~40% crystalline phase. Compared with the soft and tacky amorphous 
electrolyte, our PSC SPE appears to be advantageous since the remaining crystallinity 
would provide adequate mechanical integrity with minimum effect on the ion conduction. 
The results suggest that semicrystalline polymers can be used for high performance solid 
polymer electrolyte design if the crystalline morphology is well controlled and 
appropriate lithium salt is selected.  
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CHAPTER 8:  CONDUCTION MECHANISM OF PEO SINGLE CRYSTAL SPE 
MODEL SYSTEMS 
8.1 Introduction 
In the previous chapters, a model electrolyte containing stacks of PEO single 
crystals with precisely controlled shape and orientation, namely PSC-SPE had been 
developed, and the structure and ionic conductivity of PSC-SPEs containing two distinct 
types of lithium salts had been studied and compared. The results have brought a clear 
picture of how crystallization affects ion transport in semicrystalline SPEs. The two 
factors that restrict ion conduction, tortuosity and chain dynamics, can be fully decoupled 
by controlling the crystalline morphology.  
In this chapter, in-depth analysis on the ion conduction mechanism of these PSC-
SPE model systems is further conducted. A modified Nielsen’s model has been employed 
here to quantify the tortuosity/structure effect; while the dynamic effect can be explained 
from a molecular structure point of view. Finally a generic ionic conductivity expression 
for well defined semicrystalline SPEs is proposed. 
8.2 Quantifying tortuosity/structural effect 
In order to quantitatively understand this structural/tortuosity effect in our PSC-
SPE systems, a modified Nielsen’s model, which is typically used to describe the relative 
permeability in polymer nanocomposites containing platelet like nanofillers265-267 is 
adopted:  
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Where b is the edge-to-edge distance between nanofillers and L is the lateral 
length of the platelet filler, when b << L, equation 8.1 can be simplified as follows: 
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  (8.2)                                                                                    
where Rp is the relative permeability of the nanocomposite compared with pristine 
polymer; ϕs is the volume fraction of the filler; L/W is the aspect ratio of the filler; S is 
order parameter of the filler and is defined as S= ½<3cos2 θ − 1>, where θ is the angle 
between the platelet normal and the diffusion direction.  
 
 
Figure 8.1 Comparison of the morphology between (a) A polymer nanocomposite containing 
platelet nanofillers, modified from ref.267; (b) A “two phase” model consists of stacks of PEO 
single crystals. 
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If we treat the crystalline portion of the 2D PEO single crystals as platelet-like 
nanofillers, and the amorphous fold regions as the matrix, equation (8.2) can be used to 
describe the relative permeability of lithium ions diffusing through the single crystal SPE 
compared with an amorphous matrix. In the case of our PSC-SPEs, since the average 
lateral size of the single crystals used in both Chapter 6 and 7 is ~ 20 µm and the lamellae 
thickness determined by SAXS is ~ 10 nm, the aspect ratio L┴/W┴ is 2,000 and L///W// is 
1/2000. The order parameter S determined by the 2D WAXD (Figure 6.7) is 0.8. ϕs can 
be treated as the crystallinity Xc determined by WAXD and varies with Li+ 
concentrations. 
 
The anisotropy factor σ///σ⊥ equals to Rσ// /Rσ⊥, where Rσ is the tortuosity 
factor due to PEO crystal orientation, which accounts for the structural effect. Since 
L///W// <<1, the anisotropy factor σ///σ⊥ for 20 μm PSC-SPEs can be expressed as follows: 
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The calculated and measured conductivity anisotropy values are listed and 
compared in Table 8.1. The calculated value fits quite well with the measured anisotropy 
at lower <r> below 0.02 for PSC-LiClO4 SPEs and <r> below 0.05 for PSC-LiTFSI 
SPEs with 20 μm single crystal size. A set of control PSC-LiClO4 SPEs consist of 2 μm 
single crystals (aspect ratio of 200) were also prepared and the conductivity anisotropy 
was nearly constant at ~ 100 throughout the entire concentration range even at low <r>, 
confirming that this model is appropriate to describe the ion transport behavior in a 
semicrystalline model system in dilute region. 
 
150 
 
 
Figure 8.2 (a) In-plane and through-plane ionic conductivities; (b) conductivity anisotropies of 
PSC-LiClO4 SPEs consists of 20 µm (black square and circle) and 2 µm (red square and circle) 
single crystals. 
 
On the other hand, significant departure from the model was observed at high ion 
concentration region for both PSC-SPEs. Perforation of the lamellae at higher ion 
contents is one possibility that can contribute to the anisotropy drop. The ClO4- are much 
smaller compared with the bulky TFSI- anions, therefore may tend to penetrate through 
the PEO crystals at a relatively low concentration. This is consistent with the fact that the 
critical concentration of anisotropic drop is at <r> ~ 0.02 for PEO-LiClO4 SPE system 
and is at 0.05 for PEO-LiTFSI SPEs. The “super-structure” formation of the latter may 
also be one reason for the discrepancy of Nielsen’s model at high ion concentrations. 
In addition, note that Nielsen’s model is usually used to describe non-interacting 
gas molecules diffusing through a composite system and is only valid when the molecule 
size is much smaller than the nanofiller dimension. The model stands well for the low ion 
concentration single crystal SPEs, where the small sized Li+ ions (radius of 0.09 nm) are 
well solvated and separated by the polymer. However, it is common that for PEO/Li 
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blend electrolytes, especially PEO/LiClO4 system, ions tend to aggregate into ion 
pairs/clusters with average size on the order of a few angstroms to a few nanometers 
when <r> increases and ion-ion interactions cannot be neglected at higher <r>80, 268, 
introducing possible uncertified parameters for Nielsen’s model at high <r>.  
 
Table 8.1 Comparison of calculated and measured conductivity anisotropy. 
 <r> s L┴/W┴ S 
Calculated 
σ///σ⊥ 
Measured 
σ///σ⊥ 
PSC-
LiClO4 
SPEs 
0.006 0.75 2000 0.8 650 847 
0.014 0.79 2000 0.8 691 706 
0.05 0.76 2000 0.8 659 182 
0.09 0.60 2000 0.8 514 147 
0.02 0.77 200 0.65 60 112 
0.09 0.65 200 0.65 50 78 
PSC-
LiTFSI 
SPEs 
0.009 0.78 2000 0.8 676 445 
0.014 0.76 2000 0.8 663 756 
0.05 0.68 2000 0.8 608 350 
0.09 0.54 2000 0.8 472 27 
 
Instead of Nielsen’s permeability model, the effective medium theory (EMT) has 
been widely used to explain ion conductivity in polymer blends and block copolymers163. 
EMT was originally developed to describe conduction in inhomogeneous binary metallic 
mixtures, and was later applied to different types of transport situations, including 
thermal conduction and oxygen diffusion269-270. It assumes a random, isotropic medium 
and replaces the heterogeneous medium with a homogeneous effective medium. The 
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local heterogeneities in conductivity of the actual system are treated as fluctuations in an 
effective medium with an effective conductivity equal to the measured one. Based on 
EMT, if one assumes that the ions are only located in one phase, the effective 
conductivity σ can be written as:   
 
 0          cfσ φ σ=   (8.4) 
 Where σ0 and φc are the intrinsic conductivity and the volume fraction of the 
conducting phase. f is the morphological factor. For lamellar block copolymers, f = 2/3, 
and it is 1/3 for hexagonally packed cylinder structures. Note that this conclusion is based 
on the following assumptions: (i) the length scale of the heterogeneities is much less than 
the length scale of the medium; (ii) the orientation of the small-scale domains is 
uncorrelated; and (iii) the interaction among the domains can be neglected. These 
assumptions apparently do not apply to our polymer single crystal SPEs systems, whose 
ion transport phenomenon can be better described by the Nielsen’s model.   
Nevertheless, of interest is to compare Nielsen’s model with EMT for isotropic 
samples. For the Nielsen’s model, if we set S = 0 for isotropic sample, equation 8.2 can 
be written as: 
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Comparing equations 8.4 and 8.5, and noting that Rσ = σ/σ0,  φc = 1 - φs, it can  be 
concluded that the morphological factor from the Nielsen’s model is  -
-.
/
01
23
.  It is 
evident that this morphological factor depends on the volume fraction and geometric 
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shape (aspect ratio) of the insulating phase. Assuming L=W, φs = 50% the morphological 
factor is calculated to be 0.92, greater than the above mentioned 2/3. This perhaps is 
because that the Nielsen model assumes isolated insulating fillers in a continuous 
conductive phase. Experimentally, numerous reports have shown that the morphological 
factor may be much smaller than the values predicted by both theories, ranging from 0.01 
– 0.67169, 271 and the discrepancies are typically attributed to the poor connectivity 
between microdomains, which leads to lower measured conductivity for isotropic 
samples26, 169. Also for block copolymers, or polymer blends SPEs, the thickness of the 
films used for the conductivity measurement may be not significantly greater that 
individual grains. This might introduce additional errors for applying EMT in these 
systems.  
8.3 Quantifying dynamic effect 
  The tortuosity effect is straight forward and can be explained quite well by 
employing Nielsen’s relative permeability model at relatively dilute lithium 
concentration. However, the dynamic effect observed in our system is seemingly 
contradictory to the prevailing view that crystallization slows down the segmental 
dynamics of the polymer, which significantly decreases the ionic conductivity. We 
further interpret this dynamic effect from the polymer molecular structure point of view.  
In our single crystal SPEs, the conducting phase consists only of rigid amorphous 
loops that are attached on the lamellae surface and ion conduction is achieved through 
hopping from one adjacent site to another. Based on the 72 helix conformation of PEO 
chain, the monoclinic unit cell with c = 1.948 nm (Figure 8.3), and the thickness of the 
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fold layer, we can estimate that there are ~ 8 EO units per loop. In the dilute ion region, 
i.e. <r> = 0.01 and the effective EO to Li ratio is 100:1, there are ~ 12 loops per Li+ on 
the crystal surface. Considering Li+ ions are confined between two fold surfaces, each Li+ 
ion therefore has to hop over ~ 2-3 loops, or approximately ~1 nm, to reach another ion 
as shown in Figure 8.4. It would be more energetically difficult for these tethered 
segments to adjust their local conformation in order to assist the multiple hopping of each 
ion compared with amorphous SPEs.  
 
 
Figure 8.3 Monoclinic unit cell of PEO crystal, cited from ref. 223 
 
 
This assumption is also supported by our temperature dependent conductivity 
measurement for PSC-LiClO4 SPEs as discussed in Chapter 6: the activation energies of 
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PSC SPEs at <r> = 0.01 are 0.86 to 1.06 eV, while only ~ 0.3 eV for amorphous SPE. 
However, at higher salt concentration, <r> = 0.11 for example, there is approximately 
one Li+ ion per loop; Li+ can therefore efficiently hop among PEO loops. The tethered 
chain effect seems to be overwhelmed by the cross-linking introduced by the Li+ ions 
themselves, and the only effect of crystallization on the overall conductivity of SPE is 
tortuosity. Furthermore, the molecular conformation of the loop and the typically cross 
linked amorphous PEO are likely different. The loops are well defined and locally pinned 
between the adjacent crystalline stems, while the linear amorphous PEO, even cross 
linked, may undergo long semi-long range reptation. Future study will be focused on how 
these well-defined molecular loops guide ion transport.  
 
 
Figure 8.4 Illustration of the ion conduction mechanism within the chain folds between crystalline 
lamellae at different ion concentrations in PEO single crystal SPEs. (Anions are omitted for 
clarity.) 
 
8.4 Generic conductivity equations for PSC-SPEs 
To this end, a generic expression for ionic conductivity of the semicrystalline SPE 
is introduced, taking into account both structural and dynamic factors: 
<r> = 0.01 <r> = 0.05 <r> = 0.1
a b c
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Where , and 0 are the ionic conductivities for semicrystalline and the corresponding 
amorphous SPEs, respectively. 
Since the aspect ratio L/W for σ// for the present system is <<1, σ// can be 
simplified as: 
 ( )// 0
1 1 sk
σ σ φ≈ × × −
  (8.7)                                                                                                                             
        Equation 8.7 suggests that for a semicrystalline polymer electrolyte with high 
degree of crystal orientation, the reduction of conductivity along the crystal surface is 
attributed to the tethered chain/dynamic effect and the crystallinity. Most of the 
electrolyte systems only become practically useful in relatively concentrated region, in 
which considerable conductivity is reached. In this region, the tethered chain/dynamic 
effect is nearly negligible since the value of calculated coefficient k is nearly unity when 
<r> is between 0.09 and 0.1 in the case of both PSC-LiClO4 SPEs and PSC-LiTFSI 
SPEs. Therefore it can be concluded that the in-plane conductivity is nearly unaffected by 
crystallization in well-aligned semi-crystalline electrolyte systems. The conclusion based 
on the present study seems very attractive. If one can design a semicrystalline polymer 
electrolyte with the crystal orientated parallel to the ion diffusion direction between two 
electrodes, the same conductivity level as its amorphous counterpart could be reached 
while the crystallinity provides adequate mechanical support to mitigate the lithium 
dendrite growth problem commonly seen in Li-metal batteries. 
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CHAPTER 9:  CONCLUSIONS AND OUTLOOKS 
9.1 Major findings 
Crystallization has significant impact on the ion transport in PEO based 
homopolymer SPEs. We suggest that in addition to the well-known reduction of polymer 
segmental dynamics due to crystallization, PEO crystal orientation is also a critical factor 
that affects the overall ionic conductivity. In this thesis, several semicrystalline PEO 
based solid electrolytes with controlled morphologies have been explored and 
systematically studied. A solution cast PEO-LiClO4 SPE was first prepared by a slow 
solvent evaporation method under appropriate temperature and vacuum. Moderate PEO 
chain alignment was observed and was correlated with the observed conductivity 
anisotropy between in-plane and through-plane directions. PEO crystal orientation was 
further improved using a GO/PEO nanocomposite SPE, resulting in an improved 
conductivity anisotropy. To move forward, a model system consists of well-stacked PEO 
single crystals with uniform size and large aspect ratio (named PEO single crystal SPEs 
or PSC SPEs) had been developed in order to gain a more fundamental understanding of 
ion transport mechanism in semicrystalline PEO electrolyte. The model system allows the 
quantifying and decoupling of the two factors, namely tortuosity/structural effect and 
tethered chain/dynamic effect that PEO crystallization had brought to ion conduction in 
solid polymer electrolyte. 
The major findings are listed below: 
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• In a solution cast linear P(EO)12:LiCO4 SPE, PEO crystallizes in the form of 
spherulite morphology. However, the polymer chain does align perpendicular to 
the film surface in a moderate degree as suggested by the 2D in-plane WAXD 
pattern and the Herman’s orientation factor f120 was calculated to be 0.35. A 
conductivity anisotropy σ///σ⊥ of ~10 was observed and can be ascribed to the 
morphology of the semicrystalline SPE. 
• The purpose of adding the two dimensional GO nanofillers into the electrolyte is 
two-fold: 1) Directly confine ion transport; 2) Confine PEO crystal orientation 
that further template ion transport. A 10wt% GO-P(EO)12:LiClO4 nanocomposite 
SPE was prepared using a similar solution casting method as the first case. The 
nanocomposite SPE showed both improved ionic conductivities and conductivity 
anisotropy (anisotropy factor ~ 70 for nanocomposite SPE compared with 10 of 
PEO SPE). The enhanced conductivity (especially from in-plane direction) can be 
attributed to the higher degree of PEO crystal orientation as well as GO 
orientation that facilitated ion transport along the in-plane direction. In addition, 
the nanocomposite SPE exhibited slightly lower crystallinity (Xc = 18% compared 
with Xc = 28% for PEO SPE as determined by DSC) and slower crystallization 
kinetics as suggested by the isothermal crystallization study, which results in a 
higher fraction of conducting phase that contributs to the increased in-plane 
conductivity of the nanocomposite SPE compared with solution cast PEO SPE. 
• The two major factors, tortuosity/structural effect and tethered chain/dynamics 
effect that PEO crystallization imposes on the overall conductivity had been fully 
decoupled and quantified using a delicately designed PEO single crystal SPEs. 
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Conductivity anisotropy of 102~103 was observed at low Li+ concentrations, 
demonstrating the directed ion transport by individual lamella. A modified 
Nielsen’s model, which is typically used to describe the relative permeability in 
polymer nanocomposites containing platelet like nanofillers had been employed 
to describe the ion transport the highly oriented PSC-SPEs and it fits very well 
with the observed conductivity anisotropy in dilute SPEs. The tethered chain 
effect on conductivity due to crystallization had also been quantified by 
comparing the in-plane conductivity value with that of its amorphous counterpart. 
In contrary to the prevailing view, the dynamic effect is negligible at relatively 
high ion content and the conductivity is affected by both strong Li-PEO 
interaction and Li ion aggregations. 
• PSC-SPEs containing two types of salts, LiClO4 and LiTFSI were studied and the 
anion effect on the structure/conductivity of PSC-SPEs was compared. PSC-
LiTFSI SPEs exhibit enhanced ionic conductivity compared with the LiCO4 
system and a novel “super-structure” with ~30 nm periodicity was observed at 
relatively high ion content. The in-plane conductivity of PSC-LiTFSI SPE at 
<r>=0.94 reached 0.3x10-4 S/cm, which is very close to the required value for 
lithium battery application. 
 
9.2 Recommended future work 
To continue with our GO/PEO nanocomposite SPE and PSC-SPEs work, there are 
a few studies that are not covered in this thesis but are highly recommended to conduct:  
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9.2.1 Study of polymer dynamics and ion mobility using neutron scattering 
In solid polymer electrolyte, the Li+ diffusion is assisted by the ether oxygen 
moiety on the PEO backbone and the individual ion jump is estimated to be on a few 
nanosecond timescale. Quasi-elastic neutron scattering (QENS) measures the polymer 
chain mobility in nanosecond timescale and therefore can provide very useful 
information to understand the ion transport in SPEs. The amorphous loops in our PEO 
single crystal SPEs are covalently tethered to the crystalline lamellae surface and the 
chain conformation of these loops are very likely to be different from that of the 
amorphous chains in solution cast PEO SPEs. Obtaining the polymer dynamics 
information from QENS measurements would be helpful to understand the ion transport 
within the loop regions in our PSC-SPEs. 
9.2.2 Mechanical property characterization of semicrystalline SPEs 
Maintaining adequate mechanical integrity of the SPEs is critical to mitigate the 
lithium dendrite formation problem commonly found in lithium-metal batteries. However, 
characterizing the mechanical property of the SPEs and acquiring reliable results are 
challenging due to the hydroscopic nature of the films. Only a limited number of 
publications have reported the mechanical properties and the most common method is 
shear modulus measurements at high temperature using rheometer. It is recommended to 
obtain the modulus information of our nanocomposite and PSC-SPEs and compare with 
the amorphous SPEs as well as BCP, ceramic nanoparticle systems in order to assess the 
significance of using semicrystalline PEO for battery applications. 
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9.3 Outlook 
The concept of polymer crystalline lamellae directed ion transport is relatively 
new and there is a lot of room for further development. In the GO/PEO nanocomposite 
SPE work, the GO served as a geometric constrain for both ion transport and PEO 
crystalline lamellae orientation, however, many other functionalities of GO had not been 
fully utilized. Taking advantage of the rich surface chemistry, the pristine GO can be 
further functionalized. For example, Fe3O4 magnetic nanoparticles can be immobilized 
onto GO surface and the orientation of GO can be easily controlled to be either parallel or 
perpendicular to the membrane surface under appropriate magnetic field. Another 
example is to fix the anion onto GO surface and the nanocomposite SPE would become a 
single ion conductor. 
On the other hand, using the PEO single crystal SPEs as a model system to study 
ion transport in semicrystalline PEO SPEs is unique and this work can also be extended 
for more fundamental study. One example is to understand the loop effect on ion 
transport. A BAB diblock polymer, such as poly(ε-caprolactone)-b-poly(ethylene 
glycol)-b-poly(ε-caprolactone) (PCL-b-PEG-b-PCL) can be used to as a model system. 
The PCL block can be crystallized into single crystals in dilute solution while the PEG 
block can be extruded on the lamellae surface under appropriate crystallization 
temperature. The loop size effect can be evaluated by varying the molecular weight of 
PEG segment. If PCL-b-PEO diblock copolymer is used, the effect of chain conformation 
(e.g. PEG with one free end vs. PEG loop with two end attached to the crystalline 
lamellae) can be compared. 
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Appendix: Frequently Used Abbreviations and Nomenclatures 
 
 
 
PEO Polyethylene oxide 
GO Graphene oxide 
SPE Solid polymer electrolyte 
PSC Polymer single crystal 
TFSI bis(trifluoromethylsulfonyl) imide 
<r> Normalized molar ratio of Li+ to ethylene oxide unit 
σ// In-plane ionic conductivity 
σ⊥ Through-plane ionic conductivity 
σ///σ⊥ Conductivity anisotropy 
σ0 Ionic conductivity of 100% amorphous SPE 
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